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ABSTRACT 
The quenching cross sections of electronically 
excited iodine atoms, I(5p 5 ( 2P1)), have been measured for 
a number of compounds and the data are discussed in an 
attempt to understand the energy transfer processes 
involved in each case. 	A new experimental technique, 
time resolved resonance fluorescence, has been developed 
for the study of excited atoms, and is described in detail. 
The data processing and computer programming are also 
described. 	New rate constants are presented for 	- 
quenching by H2 , HD, CH 4' CHD 3 , CD 
4' 
 CHF3 , CHC1 3 , CjDC1 3 , 
Cd 4 , C 2D4 , C 2 F 5 
 1 and C 3F7 1. 
The general scheme used to discuss the, results is 
	
1* + M 	I + M + AET 
where * represents excitation of the internal modes of the 
molecule and AE is the energy mismatch. 	The isotope 
effect in the quenching by hydrogen, k1W> k  >> lcD , is 
2 	2 
rationalised in terms of the importance of near resonant 
energy transfer. 	It is suggested that a long range 
multipolar interaction plays a significant part in.the 
quenching by H2 and 1W, but not by D 2 . 	This mechanism 
is also invoked to discuss the quenching by methane in 
which k 
CH 	CHD3 	CD  
> k 	>> k 	To obtain a small value of 
SET, an additional, fourth, vibration quantum has to be 
excited in CD 4' 	The very inefficient quenching by CF 
4P 
CF 3I, C 
2 F 5 
 1 and C 3 F 7  1 is attributed to the necessity of 
exciting many vibration quanta in a resonant process. 
CHF 3 , CHC1 3 and CDC 1
3 have higher vibration frequencies 
and larger quenching cross sections. 	Removal of 1* by 
Cd 4 is anomalously efficient and may be due to complex 
formation or reaction. 	The large isotope effect in the 
quenching by C 
2 H 4 
 and C 
2 D 4  is thought to arise in a 
complex type of mechanism, and not from a long range 
interaction. 
All the available 1* quenching data are considered 
and the cross sections obtained in experiment depend, in 
most cases, on the energy transfer modes available. 	In 
order of increasing effectiveness these are: E -ø-T; 
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1.1 	Traditionally, chemical kineticists have been 
concerned with measuring the overall "bulk" rate constants 
for chemical reactions. 	More recently, modern experi- 
mental techniques have made it possible to probe reactions 
in greater detail and there has been a trend towards 
studying reactions under single collision conditions, and 
determining the precise quantum states involved. 
Techniques involving flash photolysis, flow systems and 
shock tubes have increased the detail in which reactions 
can be studied by making it possible to produce non-
Boltzmann populations of unstable species and to follow 
reactant, intermediate and product concentrations even in 
very fast processes. 	By employing molecular beam 
techniques it is becoming possible to specify the quantum 
states, energies and orientations of the reactants and to 
determine the same information for the products. 
Unfortunately, at present, investigations of this type 
are possible for only a limited set of reactions. 1 
It has become obvious from these and other studies 
that excited states of atoms and molecules can play 
important roles in many processes. 	For example, 
electronically excited oxygen atoms have great importance 
in atmospheric chemistry. 2 
An understanding of chemical lasers is a further 
2 
reason forinterest in the processes which excited atoms 
and molecules can undergo. 	Lasers have been developed 
which operate on electronic transitions in atoms and 
molecules, and between rotation-vibration states of 
4 
molecules. 3, 
	To be able to improve the efficiency of 
existing systems and to develop new lasers it is desirable 
to possess an understanding of the mechanisms by which 
the excited states are formed, and particularly of the 
processes, other than stimulated emission, by which they 
are removed. 	One of the most important areas of interest 
is that of energy transfer, and there are many reports on 
the transfer of excitation to another species as the 
result of a collision. 
The work reported in t•his thesis is primarily 
concerned with one aspect of this field of interest, the 
quenching of electronically excited atoms by molecules, 
and concentrates on the spin-orbit relaxation of 
electronically excited iodine atoms. 	The main experi- 
mental method used was that of time resolved resonance 
fluorescence. 	In this chapter previous work on the 
excited iodine atom is discussed, together with the 
methods which have been used for its study. 	There is 
then presented a discussion of the processes which excited 
atoms can undergo and a brief review of the theories which 
have been used to account for the rates of energy transfer. 
In subsequent chapters the experimental methods used are -
described,, and the rates of quenching of excited iodine 
3 
atoms by isotopically substituted hydrogen and methane, 
and by other polyatomic molecules are presented and 
discussed. 
1.2 THE ELECTRONICALLY EXCITED IODINE ATOM 
Reviews of work on excited halogen atoms have 
appeared regularly in recent years. 5-8 	That of Husain 
and Donovan5 , in particular, includes reviews of 
experimental techniques and a consideration of the atomic 
states. 
The low lying electronic states of the iodine atom 
are shown in figure I.I. 	The ground state, I(5p 5 ( 2P312 )), 
will be referred to as I, and the first excited state, 
(the metastable spin-orbit state), I(5p 5 ( 2Pi)), as 1*. 
The energyof this state above the ground state is 
0.94 eV (7602 cm; 1.315 tim; 90.8 kJ mol). 	The 
radiative lifetime of 1* has been measured experimentally 9 
as 0.028 ±0.016 s which makes it amenable to study in 
flash photolysis experiments. 	A convenient source of 1* 
is the far ultra-violet photolysis of alkyl iodides. 
These molecules, however, are efficient quenchers of r* 
and the perfluoro-alkyl iodides, which are inefficient 
quenchers, are preferred. 	Although photolysis of 
molecular iodine would present a simpler system with less 
possibility of side reactions, 12 is a particularly 
efficient quencher of 1* and this source is-rarely used. 
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Figure 1.1 	Low lying states of the iodine atom. 	The 
transitions underlined were observed in 
emission from the iodine resonance lamp. 
5 
chemical lasers has provided strong motivation for the 
study of excited species. 	This is particularly true for 
iodine atoms. 	The iodine atom photochemical laser, 
operating on the 1*—> I transition (1.315 m) was the 
first chemical - laser and was discovered by Kasper and 
Pimentel in 1964.10 	There have been several attempts to 
model this laser by computer., but none has been entirely 
11,12 	 - 
successful. 	 This may be due to complications from 
photolysis products, the heating effect of the photolysis 
flash,. and the effect of the magnetic fields from the 
flash lamp circuit on the hyperfine structure of the 
transition. 	There may also be some unsolved chemical 
problems. 	There has been no satisfactory explanation of 
13 
the "late gain" phenomenon 	in which the gain of the 
laser (due to the relative populations of 1* and I) has 
been observed to increase after the end of the photolysis 
flash. 	Continued interest in the iodine atom laser is 
prompted by the very high power which can be obtained. 
Gigawatt lasers have been reported 14  and terawatt output 
may be possible. 	Output of this intensity has possible 
application in controlled nuclear fusion. 
The formation of 1* has been reviewed by Husain and 
Donovan 5 and has been the subject of further study by 
Donohue and Wiesenfeld 15 and, using photofragment spectro-
scopy, by Wilson et al. 16 
The rate of quenching of 1* by many atoms and 
molecules has been determined, and a critical compilation 
of the available data has been given recently 8 (q.v. 
appendix 4, which also lists recent values including those 
derived in this work). 	There have been few satisfactory 
attempts to account for the diversity of the rate constants 
-18 	-11 	3 	 -1 -1 
which range from 10 	to 10 	cm molecule 	s 
1.3 TECHNIQUES USED IN EXCITED IODINE ATOM STUDIES 
The principal experimental method employed in excited 
atom studies is flash photolysis. 	This technique, which 
was used in all the experiments reported here, was 
initiated by Porter and Norrish in 1949 and is now 
established as one of the most important methods for the 
study of fast reactions. 17 
	
Recent advances include the 
extension of the timescale over which measurements can be 
made to the nanosecond region and beyond 8 , and greatly 
enhanced sensitivity. 
The earliest experiments on the quenching of 1* 
employed flash photolysis with flash spectroscopy. 5 	In 
this technique, which is still used for preliminary 
investigation of new systems, or when the following 
technique is inapplicable, the absorption spectra of 
transient intermediates are recorded photographically at 
several times after the photolysis flash. 	In this way 
the temporal behaviour of reactants, intermediates and 
products can be followed. 	The main disadvantage of the- 
technique is that relatively high concentrations of atoms 
or radicals must be formed to give useful absorption 
7 
(typically 10 14 - 10 
15 
 cm 3 ), and consequently side 
reactions may be important. 	Results from this. method 
have been shown to be in error for the early 1* quenching 
rate constant determinations. 19 
20  
The technique 	which superceded it, flash photolysis 
- resonance absorption, or kinetic spectrophotometry, 
employs a resonance lamp. 	The absorption of a particular 
line, measured photo-electrically, gives directly the 
time profile of the concentration of a given species. 
The concentration of atoms which can be detected by this 
method is much lower (ca 10 	- 10 	cm ) and radical 
effects are generally negligible. 	Greater precision is 
also achieved in the rate constant determinations which 
are obtained from fewer experiments. 	This method was 
used in some of the work reported here. 
A further development of the flash photolysis 
technique is time resolved resonance fluorescence in which 
the limits of detection can be further improved 
(ca 10 - 10 	cm ). 	The use of resonance fluorescence 
for following concentrations, especially of ground state 
atoms, hs been increasing over recent years. 21-24 
However, its use in time resolved work is less common and 
is described in detail in the following chapter. 
The iodine atom laser itself has been used to 
determine kinetic data 25 , although its usefulness is 
hindered by the lack of a complete understanding of the 
physical and chemica.l processes governing the output under 
the conditions required for light amplification (atomic 
concentrations of 10 	- 10 	cm 	are generally employed). 
The other techniques 5 which have. been used to obtain 
rate data for the excited iodine atom include studies of 
the spontaneous emission, both in flash photolysis and 
flow systems. 	Time resolved mass spectrometry has proved 
useful, particularly in cases where reaction of the t* 
is a possibility 
26
, although there may be complications 
due to heterogeneous processes in the sampling region. 
With the exception of this last method, in most 
investigations it is the concentration of the iodine atoms 
which have been studied. 	It is unfortunate that the low 
atomic concentrations preferred for flash photolysis 
studies make end product analysis, or investigation of 
excitation of the quencher, very difficult. 	Recent 
developments in laser techniques may result in this 
information becoming available in the near future. 
However, in most work, including that presented here, the 
mechanisms must be inferred solely from time resolved 
measurements of the atom concentrations. 
1.4  ENERGY TRANSFER PROCESSES 
The subject of energy transfer in atomic and molecular 
collisions is one which is receiving a great deal of 
attention at present, both from experimentalists and 
theorists. 	Many systems have been investigated and 
modelled, particularly vibration to vibration (V—> V) and 
vibration to translation (V—> T) excitation transfer. 
The transfer of electronic energy has received less 
attention, and only in recent years has any serious 
Attempt been made to give a quantitative explanation of 
quenching cross sections. 
The primary concern of the work reported here is the 
transfer of electronic excitation from atoms to internal 
energy of molecules, but it is necessary first to discuss 
the other processes which could occur involving an excited 
atom. 	The processes which are important in any particular 
case will depend upon the amount of energy in the 
electronically excited species, the collision partner, 
and the relative kinetic energy. 	Figure 1.2 summarises 
the most important processes which will be considered 
below with particular regard to the excited iodine atoms. 
Spontaneous emission has been discussed in section 
1.2, and had to be taken into account when analysing the 
results presented in later chapters. 	Under the conditions 
of low atomic concentration preferred, the photon flux 
will remain low, and stimulated emission may be ignored. 
Experiments, which measure only the decay rates of 
excited atoms can not distinguish between reactive and 
non-reactive channels; e.g. 
1* 	+ 	CH3 I -> 	I + 	CH3 I (1.1) 
1* 	+ 	CH3I -> 	12 + 	CH 
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unfavourable, but .investigation using mass spectrometric 
detection suggests that processes such as reaction (1.2) 
may be important in some cas es. 26 
Resonant transfer between two iodine atoms is 
unlikely due to the low atomic concentration, and Would 
have no effect on the overall rate of removal of 1*. 
Energy pooling can have no effect because not only is the 
probability of an 1* - 1* collision negligible, but also 
there is no accessible I** state. 	For most molecules 
there is-no accessible electronic state for electronic 
energy transfer. 	An important exception is molecular 
oxygen. 	The very efficient quenching of 1* by 02  has 
been attributed to the formation of 02* in a near resonant 
process. 27 	Under suitable.conditions an equilibrium is 
established 
2P . ) + 02 (X 3 ) <> I(52P312) + 02(a ' I(5 	 g ) 	(1.3) 
and the rate of removal of the excited iodine is governed 
by the rate of quenching of the excited oxygen. 	This 
fact may be taken into account when considering the 
possible. effects of trace impurities of oxygen in the 
quenching gas (q.v. section 3.2). 
In the majority of cases however, the principal 
mechanism for the removal of 1* is the transfer of the 
electronic energy into the internal modes of the collision 
partner. 	It is with the elucidation of these processes 
that this work is primarily concerned. 
12 
The spin-orbit relaxation of excited halogen atoms 
has been reviewed by Husain and Donovan 5 whose discussion 
centred on the form of the potential surfaces of the atom- 
quencher interaction. 	They distinguished three possible 
types of interaction. 	First, systems in which the 
surfaces associated with the ground and excited states 
are effectively parallel over the thermally accessible 
region; second, surfaces which are not parallel due to 
the interaction of the nuclear and electronic motion; 
and third, surfaces which cross due to strong chemical 
interaction. 
These three classes have been used to account, semi-
quantitatively, for the rates observed in experiments. 
There have, however, been few attempts to calculate cross 
sections from these theoretical models. 	This is due in 
part to the difficulty in determining the potential 
surfaces, since generally any such calculations contain 
parameters whose values can not be measured but which 
must be estimated. 	Andreev and Nikitin 28 have presented 
a calculation of a curve crossing in the inefficient 
quenching of 1* by N 2 and CO. 	They employed a Landau - 
29-31 
Zener theory 	and a weak collisional interaction. 
The model produced good agreement between theory and 
experiment and predicted vibrational excitation without 
specifying the states which would be excited. 
The principal development in recent years in the 
understanding of the quenching of excited atoms by 
13 
molecules has been an appreciation of the possible 
importance of long range interactions between the 
transition multipole moments of the atom and the quencher. 
Ewing has published a calculation on the quenching of 
excited lead and tellurium by hydrogen using this type of 
theory and the results are in reasonable agreement with 
experiment. 32 
	
Phenomenological applications of the model 
have been used to discuss the quenching of various atoms 
bymolecu].es in which there are rotation - vibration 
energy transitions of approximately the same magnitude as 
the electronic energy of the excited atom. 33-37 
The long range multipolar coupling theory has been 
developed primarily for vibration - vibration energy 
transfer between small molecules, particularly by Sharma. 
Thus before continuing a discussion of electronic energy 
transfer, it will be useful to review briefly vibration 
energy transfer. 	The processes vibration - vibration 
(V ->V), vibration - rotation (V.->R) and vibration - 
translation (V -:,-T) energy transfer have been the subject 
of experimental study employing shock tubes, acoustic 
methods,molecular modulation, and, more recently, laser 
fluorescence techniques. 	A recent review of these 
methods and of the systems which have been studied is 
given by Moore 38 , and of the theories used to account for 
39 the data by Amine . 
The rates of V->-T energy transfer maybe calculated 
by means of the Landau - Teller theory 40 , or the more 
14 
41,42 
recent Schwartz - Slawsky - Herzfeld theory. 	 In 
both of these the interactiono.f one molecule with another 
is approximated as the collision of a particle, A, with 
a pseudo-diatomic molecule, BC. 	BC may be considered to 
be a harmonic oscillator and the interaction between A 
and B either an exponential repulsive force, a Morse 
potential, or some similar type of potential. 	Energy 
transfer occurs under the influence of short range forces. 
The rates of some V ->V energy transfer processes 
can also be satisfactorily calculated using short range 
interactions. 	However, there are some processes for 
which rates calculated using these.theorieS are several 
orders of magnitude too small. 	In these processes there 
are possible resonant channels, 
AB + CD -> AD + CD* 	 (1.4) 
where very little change in relative translational energy 
is involved; (4 denotes rotational or vibrational 
excitation). 	These resonant processes, in addition to 
being very fast, do not show the temperature dependence 
predicted by short range interaction theories. 
Th theory developed by Sharma and Brau can be used 
to account for many of these fast processes. 
43-53 Using 
a semi-classical model, they take the dominant transition 
interaction to be that between the multipole transition 
moments of the colliding species. 	These interactive 
forces extend to longer internuclear distances than the 
repulsive forces previously considered, and the treatment 
15 
has become known as the long range multipolar coupling 
theory. 	It has been applied to many V->.V processes in 
which the 'energy mismatch', AE , (the energy to be 
transferred into relative translation) is either 
 negligible or small. 38,39,43-51,54,55. 	Unlike previous 
models, all the parameters required for the calculations 
can be measured independently. 	Although the results do 
not always give good agreement with experiment, this may 
be due to the assumptions made in simplifying the 
calculations. 
The cross sections calculated using the long range 
theory are strongly dependent on AE 
T' 
 decreasing rapidly 
after an initial short plateau 'region. 	However,, the 
higher the multipole transition moment involved, the less 
rigorous is the requirement on resonance. 	For some 
systems involving a high multipole transition moment, a 
mismatch of 100 cm 	may give rise to a substantial cross 
section, whereas for other systems, involving dipole - 
dipole coupling, the cross section may fall rapidly for 
&T>3O cm 1 . 46 	Because of the long range nature of the 
interaction, in the first order perturbation theory 
applied by Sharma and Brau, there are selection rules on 
the changes in rotation quantum number similar to those 
in optical spectroscopy. 	If energy is transferred via 
multipole transition moments, selection rules on 	of 
L,J = ±1, ±2, ±3,.... for dipole, quadrupole, octupole,.,... 
transition moments are implicit. 54 
16 
There exist a number of cases in which this model 
predicts cross sections much smaller than those measured, 
particularly when AE   is large. 	It has been suggested 
that several features of the Sharma - Brau treatment may 
be inadequate when calculating these non-resonant cross 
sections. 	Critic-isms include the use of a straight line 
trajectory when the impact parameter, b, is greater, than 
the hard sphere collision diameter, d, the treatment of 
collisions when b<d, the use of first order perturbation 
theory, and the rigid application of selection rules. 57,58  
59 Lev-on et al. 	produced good agreement between theory 
and experiment by allowing a Gaussian distribution of 1J 
with adjustable width. 	However, despite these short-. 
comings, the earlier p'apers of Sharma and Brau provide a 
useful formalism for the calculation of near resonant 
V->.V energy transfer cross sections. 
Returning to electronic energy transfer, we note 
60  
that in 1960 Fcter 	discussed electronic energy transfer 
between large organic molecules, and showed that inter-
actions involving dipole and quadrupole transition moments 
could be.. important. 	The Sharma - Brau formalisms involve 
the molecular multipole transition moments and transition 
matrix elements. 	By replacing these for one of the 
species by the corresponding functions for the excited 
atom, the model can,-in principle, be used for E->V 
energy transfer. 	It is on the basis of this that 
multipolar interactions have been used in discussing the 
17 
quenching of excited atoms. 
In the present work, we demonstrate the importance 
of resonance in energy transfer processes by examining 
the spin-orbit relaxation of excited iodine atoms on 
collision with a series of related molecules. 	The use 
of isotopic substitution in the quencher will be 
considered as a method of elucidating these processes. 
Where possible, the results will be discussed in terms of 





2.1 GENERAL INTRODUCTION 
Two techniques were used to follow the concentration 
of the excited iodine atoms in the work reported here. 
The first technique, used in the earlier experiments, 
including the quenching of 1* by deuterium hydride, was 
conventional time resolved resonance absorption spectro-
photometry. 	In these experiments the concentration of 
atoms, produced by flash photolysis, is determined via 
the attenuation of light of a wavelength characteristic 
of those atoms. 	This very powerful technique-has been 
used in many branches of chemistry. 
The principal technique employed was that of time 
resolved atomic fluorescence. 	In many ways this 
technique is very similar to absorption spectrophotometry, 
but differs in that it is the re-emission of the absorbed 
resonance radiation which is monitored. 	This method has 
-a much shorter history, and has been used mainly for the 
study of processes involving ground state atoms. 224 
The work reported in chapter 4 was the first application 
of the method for the study of excited atoms. 
2.2 TIME RESOLVED RESONANCE FLUORESCENCE 
The essence of resonance fluorescence is that, under 
suitable conditions, the detected fluorescence is directly 
19 
proportional to the concentration of the species under 
observation. 23 	In an ideal experiment there would be 
no signal detected other than the fluorescence, and the 
limit of detection would - be the sensitivity of the 
detector. 	Thus very low fluorescence intensities of 
only a few counts per half life would be sufficient to 
follow the decay of concentration. 	In flow experiments, 
or in time resolved applications where signal averaging 
is employed, these very low intensities may be used. 
However in the single shot mode employed here it was 
necessary to work with higher signals. 
The apparatus used for time resolved resonance 
fluorescence is shown in figure 2.1 and is discussed in 
the following sections. 
The flash lamp to produce 1*, the resonance lamp to 
excite the 1* and the photomultiplier to detect the 
fluorescence were mounted orthogonally - for experimental 
convenience, and to minimise the amount of scattered light 
from the flash and the resonance lamp. 	The apparatus 
shown is the most developed form which differed in several 
details, although not in principle, from that used for 
earlier experiments, including those on the quenching of 
1* by CD 4* 
Fluorescence cell 
In an ideal resonance fluorescence experiment the 
only light to reach the detector would be fluorescence; 
x 	 x 
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the reaction vessels were designed in an attempt to reach 
this ideal. 	The attainment of the ideal would require 
a large fluorescence cell and narrow band collimation. 
A large cell would, however, be very extravagant in 
reagents, particularly as relatively high pressures 
(ca 2.5 kN m 2 ) are required to prevent diffusion 
(deactivation on the walls being an important factor in 
the removal, of excited atoms). 	Collimators can only be 
used at the expense of signal with the result of poor 
signal to noise ratios. 	The most useful collimators were 
found to be black tubes ca 10 mm in diameter and 30 to 
80 mm long. 	An attempt was made to use lenses to reduce 
scattered, light, but any benefits were negated by the 
transmission and reflection losses of even the best fused 
quartz lenses. 
Figure 2.2 shows the type of glass fluorescence cell 
employed in most of the experiments reported here. 	An 
earlier type without the Wood's horns was unsatisfactory 
as the level of scattered light from the resonance lamp 
was too high to permit the observation of any fluorescence. 
The cell used in early experiments, including the 
investigation of the quenching of 1* by CD 
49 
had three 
horns (one not shown in the figure). 	The windows 
and the entrance to the horns were of similar size 
(radius = 11 mm), and the cell, excluding the horns, was 
based on a sphere of radius 20 mm. 	This design was more 







Figure 2.2 	Fluorescence cell. 
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An improved cell was used in all later work. 	This 
was based on a larger sphere (radius = 35 mm) and the 
radius of the Wood's horns was larger than that of the 
windows opposite in order to avoid reflection from the 
shoulders of the horns. 	With this cell the background 
level was much lower, although light from the flash lamp 
continued to cause problems. 
Flash lamp 
The excited iodine atoms in this work were produced 
by photolysis of the perfluoro-alkyl iodides; CF 3 I, 
C 2F 5 1, and i-C 3F7 1. 	All these molecules when photolysed 
in the far ultraviolet (220 - 280 nm) give I and 1*. 
Laser action has been detected for all three indicating 
a population inversion ( [r*] > [I] ) and in all cases the 
quenching of r* by the parent molecule, is veryinefficient 
(q.v. section 5.5). 
The characteristics of photolysis flash lamps have 
been discussed in detail elsewhere. 1 	In the earliest 
work here, the flash lamp used was constructed from a 
cylinder(r = 10 mm, 1 = 30 mm) having a quartz window 
and two colinear side arms containing the electrodes. 
It was replaced in later work by a quartz capillary type 
spectroflash lamp. 	This design of lamp was an 
improvement as, having a maximum output in one direction, 
scattered light was less of a problem. 	Better flash 
reproducibility was achieved with this lamp than with the 
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earlier type in which the greater volume available to the 
discharge permitted it to "wander". 	The lamps, were 
filled to a pressure of 500 Nm 2 with krypton and the 
firing circuit is given in figure 2.1. 	For the latter 
type of lamp, typical flash energies were 60 J obtained 
by discharging a 1.5 iF capacitor charged to 9 kV. 	The 
flash output peaked after 15 is and lasted for ca 50 is. 
The output of such. lamps extends from the vacuum 
ultraviolet to the visible. 	Light of wavelength greater 
than ca 280 nm does not give rise to photolysis of 
perfluoro-alkyl iodides but has an adverse effect on the 
experiments as a source of scattered light. 	A filter 
(Chance glass type 18B) which transmits from 230 to 400 nm, 
was placed between the flash lamp and the cell. 	The 
strength of the fluorescence signal was not significantly 
affected, but the recovery time after the flash was much 
reduced in this way. 
Resonance lamp 
The source of the resonance radiation was a microwave 
discharge in iodine. 	The lamps were constructed from 
quartz tubing (10 mm o.d.) with a "Spectrosil" window 
fused onto one end. 	A few crystals of iodine were 
sublimed (under vacuum) into the lamps before they were 
sealed. 	The lamps were powered by an E.M.S. 10.0 micro- 
wave generator, modified to minimise the mains ripple on 
the output. 
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Tellinghuisen62 has described the variation in the 
line strengths with the vapour pressure of iodine, 
controlled by varying the temperature of a side arm on 
the lamp. 	Self-reversal of the output, caused by 
absorption of the centre of - the emission lines by cold 
atoms at the extremes of the discharge, may be a problem 
in some applications, and Carrington et al. 
63,64 
 have 
discussed its minimisation. 	However, in the work 
described here, with the low atomic concentrations 
involved, the main consideration was the noise on the 
steady output level.- 	Various combinations of vapour 
pressure and incident power were tried, but in no cases 
was a significant improvement produced from those 
conditions which were practically the most - convenient. 
The lamp used for all later experiments was straight, 
100 mm long, and was surrounded, except the window, by a 
"pyrex" glass tube. 	This prevented significant ozone 
formation-in the laboratory. 	The microwave generator was 
adjusted to give minimum incident power and the cavity was 
tuned to give minimum reflected power. 	This low , - 
intensity of resonance radiation was used to reduce any 
photolysis by this lamp, and to avoid the possible 
importance of fluorescence at 178 n.m (q.v. infra) as--a 
method of removal of r*. 
Although the output of such a lamp consists of 
several lines, figure 2.3, after the light has passed 
through 100 mm of air and a quartz window, the only line 
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Figure 2.3 	Emission from iodine resonance lamp. 
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which is not absorbed before reaching the fluorescence 
zone is at 206.2 rim, (5p 46s( 2P 312 ) -> 5p 5 ( 2Pi)). 	It was 
this fact which removed the requirement for the mono-
chromator necessary in other fluorescence systems. 
Detector 
The fluorescence was detected by means of a photo-
multiplier. 	In the early experiments a side window type 
(EMI 9783B) wi-th "Spectosil" jacket was used, but it was 
felt that an end window design would be more suitable. 
The normal type used was an EMI 9526S which has a 30 mm 
"Spectrasil" end window. 	A conventional dynode chain was 
used with a 70 V Zener diode between the cathode and first 
dynode, and 100 k resistors between subsequent dynodes. 
The cathode was held at -800 V to -900 V. 	The tube was 
surrounded by a "mu-metal" shield, and was contained 
within a brass housing in order to minimise the effect of 
the magnetic fields from the flash discharge. 	The light 
from the cell was collimated by a black tube in order to 
reduce the amount of scattered light from the flash and 
resonance lamps. 
A great gain in sensitivity was achieved by flushing 
the photomultiplier housing and the collimator with 
nitrogen. 	Only one percent of the fluorescence is 
i re-emitted at 	
65 
206.2 nm , the remainder s emitted at 
178.3 nm (5p 46s( 2P312 ) -> 5p 5 ( 2P 312 )), and is strongly 
absorbed by the oxygen in air. 
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The light from the flash lamp was several orders of 
magnitude more intense than the fluorescence, and this 
caused major problems in the design of the apparatus. 
If no precautions were taken the detection system (i.e. 
the photomultiplier itself or the subsequent amplifiers) 
were overloaded and rendered useless for up to 20 ms after 
the flash. 	The use of a capillary type flash lamp and 
collimators, described above, helped to minimise this 
problem. 	Considerable use of black polythene and paper 
also helped to reduce the problem and enabled the 
experiments to be performed in normal laboratory lighting. 
Even with these precautions the effects of the flash 
persisted for ca 1 ms. 	This time could be accounted for 
in terms of the decay time of the initially very high 
anode current in the photomultiplier (10 - 20 iA) through 
the, input impedance of the data collector. 	Hence, at 
the expense of signal to noise ratio, the dead time could 
be reduced by using a resistor (220 k2 to 1 McZ) in 
parallel with the amplifier input. 	Although this method 
was used for some of the faster experiments, dead times 
of 1 ms did not prove too inconvenient in iodine atom 
work, as without adding a quenching gas, decays with half-
lives of ca 25 ms were obtained. 
In another attempt to improve the recovery time, a 
gating circuit was employed. This circuit, which was 
triggered from the flash by a fast photodiode, greatly 
reduced the gain of the photomultiplier at all times 
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except for a period of up to 1 s starting after the end 
of the flash. 	However this method proved unsuitable as 
the photomultiplier took a similar time to adjust to the 
change in dynode potentials as it did to recover from 
the flash itself. 	No attempt was made to develop this 
type of method any further. 	It was thought possible to 
balance the effect of the' flash by employing a second 
photomultiplier which, because of its position, could 
respond to the flash but not 'to any fluorescence, and 
using the differential input of the oscilloscope to 
subtract this signal' from the main signal. 	This should 
have resulted in a great improvement in the response time, 
but the flashes were not sufficiently reproducible, and 
although balance could be achieved for some flashes, in 
others either one or other signal dominated. 	This 
technique could possibly be refined, but, in the work 
reported here, it was not used. 
The problem of recovery time after the flash is one 
which, will require more investigation if the time resolved 
resonance fluorescence technique is to be used to study 
species with shorter lifetimes. 
Data collection 
The methods used to collect the data evolved 
considerably during the course of this work. 	Initially 
the signal from the photomultiplier was stored on a 
storage oscilloscope (Tectronix 549 or Telequipment DM64). 
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The trace was recorded photographically either using a 
"Polaroid" camera or a conventional 35 mm camera. 
The most significant change was the acquisition of 
a Transient Recorder (Datalab DL905). 	This instrument 
comprises an input amplifier (R = 1 M1,C = 48 pF), an 
analogue to digital converter, a 1024 word eight bit 
memory which can be filled, either repetitively or in 
single shot mode, at sweep rates of 200 ns to 0.1 s per 
word, and facilities for outputting the contents of the 
memory. 	A useful facility of the transient recorder, 
not possible with a storage oscilloscope, is the 
capability to record signals before' a triggering pulse. 
The number of channels (words) used in this way is 
selected by a series of thumbwheels on the instrument. 
Thus normally 100 channels were recorded before the flash 
to determine the ?'zero" level against which the 
fluorescence .couldbe referenced. 	One output mode of 
the DL905 employs a digital to analogue to digital 
converter which enables the contents of the memory to be 
viewed on an X-Y visual display and also to be plotted on 
a Y-t pen recorder. 	For much of the work reported here 
the results of an experiment were viewed on the X-Y- 
display and then plotted onto graph paper. 	The graphs, 
typically 250 x 150 mm, were a convenient size for 
processing. 
In the later stages of this work it became possible 
to access the digital memory directly and to collect the 
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data on an on-line computer (Digital Equipment Corporation 
PDP 11/20). 	The digital output of the transient recorder 
was compatible with the computer input, and the only 
interfacing required was a series of transmitters and 
receivers to ensure that the data remained unperturbed in 
the 400 m between the laboratory and computer. 	The 
digital output of the DL905 is a series of 1024 nine bit 
words. 	Eight bits, represent the value of the stored 
signal, and the value of the ninth bit for each word is 
controlled by the operator. 	This bit may be used to 
provide remote control of the computer. 	On the PDP11 the 
data were stored on a magnetic disk for subsequent 
analysis. 
During the final stage of this work it became 
possible to process the data using the on-line computer 
and a..teletype was installed in the laboratory. 	It was 
possible to obtain a rate coefficient directly after an 
experiment, although at the expense of storage of the raw 
data. 
Experimental method 
The experiments typically were done as follows. 
One atmosphere of a mixture of an alkyl iodide and an 
inert 'diluent gas (1:50) was prepared in a two litre bulb. 
This "basic mixture" would be used throughout a series 
of experiments. 	13 kNm 2 of this mixture was put with 
a measured amount of a quenching gas into a smaller bulb 
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and was left for 30 minutes to ensure thorough mixing. 
The iodine lamp was started and the microwave cavity and 
generator adjusted to give a steady output of minimum 
intensity. 	Compressed air was used to cool the cavity, 
and the photomultiplier housing was flushed with a 
continuous flow Of nitrogen (oxygen free). 	The photo- 
multiplier supply was set. at. 800 V and the transient 
recorder, oscilloscope and chart recorder adjusted. 
The gas mixture was admitted to the fluorescence cell 
and the pressure, ca 2.6 kNm 2 , measured. 	The background 
level of scattered light was recorded and plptted on the 
chart recorder. 	The capacitor was charged to 9 kV to 
give a flash energy of 60 3 and the lamp was fired. 	The 
fluorescence signal was recorded, generally:  together with 
the signal prior to the flash, and was plotted onto the 
same paper as the background level. 	Figure 2.4 shows 
the trace from a typical experiment (for clarity the 
background. signal is omitted). 
The initial signal in the above conditions would be 
0.2 to 0.5 V. 	The conversion of this value to the 
fluorescence flux requires knowledge of the gain of the 
photomultiplier, the quantum efficiency of the photo-
cathode, the transmission losses at the various windows, 
and the geometry of the apparatus. 	Assuming average 
values we obtain an initial flux of 10 
10 
 to 10 
11 s -1 
 
Before discussing the processing of the data to yield 


























constants for the quenching of 1*, it is convenient to 
consider briefly the. other experimental technique. 
2.3 TIME RESOLVED RESONANCE ABSORPTION 
The first technique used in the present work to study 
the quenching of excited iodine atoms, including the 
experiments with HD, was time resolved resonance 
absorption; this technique has been described in detail 
elsewhere. 66 A diagram of the apparatus used is given 
in figure 2.5, from which it can be seen that several 
components of the equipment are similar to those described 
above (section 2.2). 	 . 
The reaction vessel was constructed of quartz 
(1 = 500 mm, o.d. = 22 mm) and was serviced by a 
conventional glass vacuum line. 	The flash lamp, also 
constructed of quartz, lay parallel to the reaction vessel 
and it was filled to a pressure of 5 kNm 2 with krypton. 
Flash energies of ca 400 3 were obtained by discharging 
a 10 iF capacitor charged to 9 kV. 	The decay of 1*. 
concentration was monitored via the 206.2 nm resonance 
line (resolved by a Hilger -Watts vacuum monochromator). 
Changes in the optical density of the contents of the 
reaction vessel were measured with an EMI 9526S photo-
multiplier placed behind a sodium salicylate screen. 
The output of the photomultiplier was amplified using a 
current to voltage converter and displayed on an oscillo-
scope or stored ma transient recorder. 	The experiments 
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C 	High voltage capacitor 	 P 	Sodium saLicylate coated plug 
F 	Flash tamp 	 P14 Photomultiplier 
I. Atomic resonance lamp 	 RV Reaction vessel 
MC Microwave cavity 	 S High voltage switch 
Figure 2.5 	Apparatus for time resolved resonance 
absorption. 
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were done in a manner analogous to that for time resolved 
resonance fluorescence. 
The apparatus used by Mr Fotakis for the experiments 
investigating the quenching of [* by CHC1 3 , CDC1 3 and CC1 4 
was fundamentally simiiar. 6 	The important difference 
was that the vacuum line was constructed using teflon 
greaseless stopcocks. 	The flash lamp and reaction vessel- 
were shorter (1 = 100 mm), the monochromator was not a 
vacuum type, and the changes in optical density were 
measured directly using an EMI 9783B photomultiplier. 
2.4 DATA PROCESSING 
The various processes contributing to the decay of 
the excited atom concentration, discussed in section 1.4, 
give rise to an overall rate equation 
d[I*] / dt = -k [I*] 
	
(2.1) 
where k is the sum "of the first order rate coefficients 
for the various processes. 
k 	+pA + mn Mn 
A mn , the Einstein A coeff 
for spontaneous emission, 
emission. 	P is the rate 
+ 	[R] + F, k  [Q] ) 	(2.2) 
icient, is the rate coefficient - 
and pA 
mn  accounts for stimulated 
coefficient for diffusion. 
The second last term represents removal of 1* by reaction, 
and the last term is the rate coefficient for removal by 
non-reactive quenching. 	Since it was this last term that 
was of particular interest in this work, the experiments 
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were designed to minimise the effects of the other terms, 
or to ensure that they remained constant. 
Spontaneous and stimulated emission have already been 
discussed, and the effect of the former was to contribute 
ca 70 s -1 to all overall rate coefficients. 	The removal 
of 1* due to diffusion has been investigated by Donovan 
et al. 5 in resonance absorption and by Abrahamson et al. 9 
in time resolved emission experiments where the initial 
concentration of excited atom after the photolysis flash 
is uniform throughout a cylindrical reaction vessel. 
In such cases the diffusion equation can be solved to 
give 3 in terms of the diffusion constant, D, the 
pressure, p, and the radius, r, and length, 1, of the 
reaction vessel. 
2 D / v 	5.81 
2 ) r 
(2.3) 
However, this treatment is not valid for the resonance 
fluorescence experiments which are complicated by 
inhomogeneous production of the excited atom and the 
irregular shape of the reaction cell. 	Such a situation 
is not amenable to a mathematical treatment, and the 
effect of diffusion in these experiments had to be 
assessed empirically. 	Since the rate of diffusion is 
inversely proportional to the total pressure, the rate 
coefficient can be made negligible by employing 
sufficiently high pressures of diluent gases. 	The 
pressure necessary was obtained by plotting the overall 
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rate coefficient against total pressure and noting the 
point at which the rate obtained started to rise with 
decreasing pressure. In the experiments reported here 
any pressure, over 2.5 kNm 2 was sufficient. 	However, 
where possible, a constant total pressure was used in any 
series of experiments. 	In the work reported here it was 
not possible to distinguish between reaction and quenching, 
and this must be remembered when considering the results 
of each series of experiments. 
The integral form of equation 2.1 is 
c t= c 0 exp ( -k t ) 	 (2.4) 
or 	loge (c t) = loge (c t0) - k t 
where c t is the concentration of 1* at time t after the 
photolysis flash. 	Thus a plot of log concentration 
against time will-be linear with a gradient of -k. 	The 
determination of the first order rate coefficient, 
therefore, requires a measurement of concentration as a 
function of time. 	It should be noted that, for 'first 
order processes, it is not necessary to know the absolute 
concentration. 
A typical resonance fluorescence experiment yielded 
a trace of fluorescence intensity, Iff against time such 
as shown diagrammatically in figure 2.6. The effect of 
the flash on the detected signal is shown. 
When the data was processed without the aid of a 
computer or electronic measuring, using a digitiser, it 
I 
Figure 2.6. Idealised output from a time resolved resonance 
fluorescence experiment. 
5. 






Figure 2.7. Plot of log I f  against time (corresponding to figure2.). 
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was done in the following way. 	The position of the base 
line was estimated and a line drawn through the "noisy" 
signal. 	The time range was divided into a number of 
equally spaced intervals (5 to 20) and I measured, in cm, 
at each time (I f cx [1*)). 	A table of log(I f ) was 
constructed, and 'a graph of these values against time was 
plotted (figure 2.7). 	The gradient of the straight line 
part of the graph gave the first order rate coefficient 
(gradient = -k). 
In the method used for the bulk of the work reported 
here the traces were measured using an electronic aid; 
a Ferranti Freescan Digitiser. 	By using this instrument 
it was feasible to measure If at a large number 'of times. 
Because 'of this it was not •necessary to draw a smooth 
curve through the signal, and the possible error intro- 
duced by so doing was removed. 	The gradient of the 
- t plot was determined using a linear least squares 
fitting technique. 	The method of measuring the traces, 
and the computer programs used to obtain' a first order 
rate coefficient are described in appendix 2. 
The use of the on-line computer removed the necessity. 
of plotting traces and subsequently measuring them. 	The 
method of data processing and associated programs are 
described in appendix 2. 	This.technique was preferred 
both because of its convenience and also because it 
reduced the errors inherent in the earlier methods. 
The calculation of the first order rate coefficient 
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in time resolved resonance absorption experiments involves 
an extra stage in which the intensity of the transmitted 
light is related to the concentration of the absorbing 
species. 	The precise form of the relationship may be 
very complex, but in this type of work the modified Beer - 
Lambert equation, 2.5, is a good approximation. 
I = I 	exp 	- 	I  )Y ) 	 (2.5) 
where I is the transmitted intensity, I is the 
unattenuated transmitted intensity, £ is the molar 
extinction coefficient, 1 is the absorption path length 
and c is the concentration of the absorber. 	The factor y, 
which will be referred to as the Beer - Lambert coeffi-
cient, allows for non-ideal line shapes in the absorber 
and particularly in. the resonance lamp where self reversal 
may be present. 	The approximation used when employing 
equation 2.5 is that, over the range of concentrations 
used in a rate determination, y may be taken as a constant. 
This must be determined for each set of experimental 
conditions, and the following procedure was adopted. 
It was assumed that for a weak absorber, such as the 
iodides used, the concentration of excited atoms directly 
after the flash, ct0,  was proportional to the partial 
pressure of the iodide. 	To check this a' series of 
experiments were done in which the flash energy, E, alone 
was varied and it was found that c 0 oc E. , Taking double 
logarithms of equation 2.5, we obtain for t0 
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log (log(I 0 /I 0 ))= ylog(c 0 ) + log  (El ') 	(2.6) 
Thus a plot of log  (log (r/r 0 )) against log(P j0j ) 
should yield a straight line of gradient y. 
With this value of y, the conversion from the 
measured first order rate coefficient, k', to the true 
value, k, is readily achieved. 	In an experiment obeying 
first order kinetics 
log (I /1.) 	= 	log (I /1. ..) ex 	(-k't) 	 (27) e o c e 0 
But log (I/I) =£lc t Y and therefore 
Ely c" = 	£l ' 	 exp (-k't) 
or 	 c t = ct0 exp (-ktt/y) 	 (2.8) 
Thus the true rate coefficient may be obtained as 
k = k' /y 	 (2.9) 
A typical time resolved resonance absorption 	- -• 
experimental trace is shown in figure 2.8. 	The values 
of I and I are obtained as shown and k' is calculated 
0 	 t 
by use of equation 2.7. 	The correction for y  was in 
practice not made using equation 2.9 but rather by 
correcting the value of the second order rate constant, 
kQ'. sine k  = kQ h/Y. 
• 	To obtain a second order rate constant for the 
quenching of 1*, first order rate coefficients were 
obtained over a range of partial pressures of the quencher, 
PQ . 	A graph of k against p was plotted and a straight 
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1 ms 
I 	 1=0 
t=0 
time 
Figure 2.8 	Typical output from a time resolved resonance 
absorption experiment. 
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line fit obtained. 	The gradient of this line gave the 
second order rate constant, k Q. 	When possible a computer 
was used to calculate k  using a program in which the 
weight given to each k - PQ point was determined by the 
error calculated in k. 	The program used, LMSPROG, is 
described in appendix 2. 
2.5 GAS HANDLING 
All gas mixtures were prepared in standard glass 
vacuum lines pumped by a liquid nitrogen cryotrap and a 
mercury diffusion pump backed by a rotary pump. 	The gas 
pressures were measured using an Edwards, 0-20 torr bourdon 
gauge, a glass spiral gauge, or a mercury in glass 
manometer (at times read with a travelling microscope). 
Lower pressures of gases were obtained by expansion into 
larger volumes whose relative capacities had been 
previously measured. 	The vacuum was checked using a 
Pirani gauge and was known to be <2 x 10 2  Nm 2 . 	Gases 
were allowed to mix in bulbs for >30 minutes. 
The source, purification and analysis of the 
materials, other than the quenchers, used in this work 
are described in appendix 1, the quenchers being described 
in the appropriate chapters. 	
1 
2.6 PREPARATION OF PABA -ENRI CHED HYDROGEN 
At room temperature hydrogen exists in a state with 
25% Para - (even rotation states) and 75% ortho - hydrogen. 
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This ratio will be referred to as n-H 2 . 7° 	Inter- 
conversion of ortho - and Para - hydrogen is formally 
forbidden, and only takes place at high temperatures or 
in the presence of a catalyst. 	When conversion is 
possible an o-p equilibrium will be established. 	The 
resultant composition, which will be a function of 
temperature, will be referred to as e-H2 . 	In the 
presence of a catalyst as the temperature is reduced the 
percentage of p-H2 increases, and near the boiling point 
(20 K) all the molecules are in a state J=0 (i.e. 100% 
p-H 2 ). 	Thus, to obtain a para-enriched mixture it is 
necessary to cool the hydrogen and also to provide a 
catalyst to accelerate the o- p conversion. 	In the 
absence of a catalyst a para-enriched mixture remains of 
virtually constant composition over a period of days. 
The preparation of Para-enriched hydrogen was 
achieved in two ways. 	In both methods. the hydrogen 
(B.O.C. cylinder grade) was first purified by passage 
through a platinum thimble and a cryotrap at 77 K. 	The 
catalyst used was finely powdered Fe 203 (Johnson, Mathey 
and Co.,grade 1.) which was activated by heating under 
vacuum to 720 K. 
In the first method, figure 2.9(a), which was used 
when only liquid nitrogen was available for cooling, one 
gram of the catalyst was put into a trap and activated. 
The trap was then cooled to 77 K and hydrogen was admitted 












Figure 2.9 	Apparatus for the preparation of para- 
enriched hydrogen for use with (a) liquid N 2 , 
(b) liquid He. 
47 
the trap was opened to a quartz cell (35 ml) and the 
liquid nitrogen removed momentarily before the cell was 
isolated. 	In this way ca 30 kNm 2 of 50% p-H2 was 
prepared. 
To obtain greater enrichment it is necessary to 
equilibrate the hydrogen at lower temperatures. 	The 
apparatus used is.shown in figure 2.9(b). 	0.5 g of the 
catalyst was put in the bottom of a long vessel. The 
vessel and the quartz cell, in which the hydrogen could 
be analysed (q.v. section 2.7), were filled to 60 kNm
-2 
with purified hydrogen. The vessel, after precooling in 
liquid nitrogen, was lowered into liquid helium. 	After 
being held for several minutes above the surface of the 
liquid helium, the hydrogen was allowed to warm slightly 
to obtain a useable pressure in the quartz cell which was 
then isolated. 
Some problems were encountered in using the latter 
technique, which was designed for simplicity and economy. 
The first time that it was used the subsequent analysis 
of the hydrogen revealed 60% p-H2 . 	This is the same as 
e-H2 at 60 K. 	When repeated the vessel was given more 
time to cool and a slightly higher percentage of p-H 2 was 
obtained. 	However, insufficient liquid helium was 
available to determine the optimum procedure for the 
preparation of p-H.. 
2.7 DETERMINATION OF ORTHO - PARA RATIO IN HYDROGEN 
In this section of the work I am indebted to Dr D 
Lockwood (Physics Department) for operating the Laser 
Raman instrument. 
The conventional method for determining ortho - para 
ratios is to use the differing specific heats. 70 	The 
technique employed here uses Laser Raman line intensities 
to determine the relative populations of 1=0 and J=l 
states, and hence the c-p ratio. 
The hydrogen (minimum useful pressure 1.3 kNm 2 ) was 
put into a quartz cell (1 = 100mm, o.d. = 22 mm) which 
was mounted in a Laser Raman instrument (Coderg T800). 
The exciting line used was the 488 nm argon ion laser 
line, operating at 1 watt output intensity. 	The peaks 
were recorded on chart paper (figure 2.10) and the areas 
measured using a Haff 317 Planimeter. 
Calibration of the system was achieved by measuring 
the peak areas at several pressures of n-I-I 2 . 
	
It was 
found that the ratio of the peak areas of the (2<-O) and 
(3<-i) rotation state transitions was constant. 	Knowing 
the rotation populations of n-H2 at room temperature, it 
was possible to obtain the relative sensitivities for the 
two lines. 
Having calibrated the peak areas using n-H 2 , it 
became a routine matter to determine the c-p ratio of 
para-enriched hydrogen. 	The areas of the two peaks were 







587 cm -1 
Figure 2.10 	Raman traces of rotational spectra for 
(a) n-hydrogen and (b) para-enriched 
hydrogen. 
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states were calculated by multiplying by the sensitivities. 
Finally the corresponding ortho - para ratio and the 
temperature at which e-H2 has this ratio were obtained 
from tables of rotation state distributions. 	These were 
computed using the program H2 (appendix 2.5) which 
calculated the rotation state distributions for e-H 2 over 
a range of temperature and then calculated the resultant 
populations as the temperature of the hydrogen changed 




ENERGY TRANSFER FROM 1(5p -5  ( 2P1)) TO HYDROGEN 
3.1 INTRODUCTION 
In this chapter the spin - orbit relaxation of 
excited iodine atoms by isotopically substituted 
hydrogent is discussed. 	Data are presented for the 
quenching of 1* by deuterium hydride, HD. 	Part of this 
work has been published in reference 71 (appendix 5). 
Deakin and Husain have measured the rate constants 
for the quenching by H 2 and D2 at room temperature 19 and 
over the temperature range 180 K to 410 K. 72 	Their 
results are given in table 3.1. 
Table 3.1 	Room temperature second order rate constants 19 
and Arrhenius parameters 72 (k = A exp(-E/RT)) 
for the quenching of 1* by H2 and D2 . 
Quenching gas 	 H2 	 D2 
k ./cm3moIecu1e1sT.1 	 (1.3±0.1) 	(1.0±0.1) 
xlO xlO 
log10(A(cm3 molecule-  1s_1) 	-11.65±0.14 	-15.56±0.01 
E/kJ mo1 	 7.1±0.8 	 5.0+2.5 
In this chapter, the full word 'hydrogen' is used when 
the isotopic variant (H2 ,HD,D2 ) is irrelevant, or when 
all three are included. 
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The differences between the cross sections for 
quenching by H 2 , HD and D 2 are discussed here in terms of 
resonant energy transfer processes. 	The model proposed 
can also account for the differing temperature dependences 
for H2 and D2 . 	The isotope effects in the rates for 
the quenching of other electronically excited atoms by 
hydrogen are also discussed in a similar manner. 
The possible use of para-hydrogen in elucidating 
the important processes in the quenching of excited iodine 
atoms is considered. 
3.2 EXPERIMENTAL METHODS AND RESULTS 
The experiments on the quenching of 1* by I-ID were 
carried out using time resolved resonance absorption as 
described in section 2.3. 	The rate constant for H 2 was 
also redetermined under the same conditions. 	The HD 	was 
supplied in a sealed bulb by Merck, Sharp and Dohme and 
was used without further treatment. 	Analyses for purity 
employing mass and photo-electron spectrometry are 
described below. 	The H2 , from a B.O.C. cylinder, was 
purified by passage through a platinum thimble and a 
cryotrap at 77 K. 
The partial pressure of H 2 in the experiments was 
varied from 0 to 80 Nm 2 and of HD from 0 to 72 Nm 2 . 
The total pressure was made up to 2 to 7 kNm 2 with a 
1 in 500 mixture of C 2F 5 1 and helium. Under the same 
conditions a series of experiments was done in which the 
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rate of decay of 1* in the absence of hydrogen was 
measured. 	The pressure of the C 2F 5 1/He mixture was 
varied from 1.1 to 13.3 kNm 2 , and the results are shown 
in figure 3.1. 	The effect of diffusion as an important 
factor in the removal of 1* at low pressures is clearly 
shown. 	Since the H2 and I-ID experiments were not 
conducted at a constant total pressure, the appropriate 
contribution to the rate coefficient, although small, was 
subtracted from the results when hydrogen was present. 
Thus the results plotted in figure 3.2 are the increases 
in the rate due to the presence of hydrogen only. 
From the results we obtain kR' = (7.6±0.3)x10 14 
cm molecule- 
I 
 s 	and k' 	(2.2±O.l)xlO 3 cm molecule 
S 1 . 	As was discussed in section 2.4 1 these values are 
not the true second order rate constants, but must be 
corrected by the y factor of the modified Beer - Lambert 
relation. 	To determine y, a series of experiments was 
done in which all conditions were kept constant except for 
the partial pressure of C 2F 5 1 which was varied from 0.3 
to 5.3. Nm 2 . 	A plot of log ( log (I/I 0 )) against 
log 	c tF I 	which should yield a straight line of 25 
slope y, is given in figure 3.3. 	It can be seen that 
over this range of concentration y is not constant, but 
over the range in which measurements were normally made 
Y = 0.70±0.03. 
The values of the rate constants obtained are 
= (1.1±0.1)x103 cm3 molecule-  15_1  and kHD  = 
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(3.2±0.3)x1O 3 cm3moleculelsl. 	The value for H 2 is 
in good agreement with the previous value. 	The corres- 
ponding thermally averaged cross sections are GH = 
(6.2±0.6)xio 9 cm2 and 	= (2.2±O.2)x1O 8 cm 2. 	TheHD 
cross section for D 2 , derived from the data of reference 
20, is G 	
-21 
D = 7.9x10 	cm 2 
2 
A mass spectrum of the I-ID was obtained to determine 
its purity. 	It revealed 1.2% H, 0.8% D 2 and 0.2%
lr~
2 
A very large water impurity was also detected, but was 
thought to be due to water adsorbed in the mass spectro-
meter, a known problem with the instrument used (AEI 
MS902). 	A photo-electron spectrometer (Perkin Elmer 
PS16) was used to check the water impurity. 	Analysis of 
the HD, together with a sample of H 2 containing 1.0% ll2O, 
showed that there was 0.15% H 
 2  0 in the HD. 	As the rate 
constant for quenching by H 
 2  0 is 7.2x10
- 13 3 
cm molecule -1  
-1 19 
s , 	 this concentration would have no significant effect 
on the rate constant obtained for HD. 	The quenching by 
the °2 could lower the rate constant attributable to 
quenching by - HD by 20% (k0 = 2.6x10 11  cm3  molecule -  1 
1 27 	 2 
S ). 	 However, the upper limit of the concentration 
of the impurity would be less than the concentration of 1* 
and the effect of the equilibrium 
+ °2 	+ 02* 
	
(1.3) 
would be to reduce the effect of quenching by 0
2  in the 
observed rate constant. 	Because of this, and because 
the percentage of 0 is only an upper limit, the measured 
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rate constant may be ascribed solely to HD. 
The rotation and vibration constants for H2J. HD and 
D2 have been determined accurately from spectral 
analysis 7375 , and tables of energy levels may be 
computed. 76 
	
Tables 3.2, 3.3 and 3.4 give the vibration- 
rotation energy changes around the excitation energy of 
1*, together with the percentage of hydrogen molecules 
in each initial rotation state at room temperature. 
3,3 COMPARATIVE DISCUSSION OF THE QUENCHING BY H 2 ,HD 
AND D 2 
The fact that the cross section for quenching by H 2 
is greater than by D 2 is not surprising and is consistent 
with most theories of energy transfer, both long and short 
range, although, perhaps, the magnitude of the difference 
is larger than the isotope effects usually observed. 
It is surprising that the cross section for quenching by 
RD is greater than that by H 2 and does not fall between 
H 2 and D2 . 	This would be the case if the principal 
mechanism involved E - T energy transfer, or involved 
"curve crossings". 	The potential surfaces for all three 
systems are probably identical in shape, although the 
energy differences between surfaces correlating with 
different eigenstates are not the same. 	From molecular 
beam studies there is evidence that the potential surface 
for the I 	D2 system has a shallow Van der Waals' 
attraction; t = 1.4 kJmol -1  , r = 0.405 nm. 77 
M 
Table 3.2 	H2 rotation state populations (n(J")/%) at 
300 K and changes in energy 	( E/cm) 	for 
H2 (v"z0,J"n) -. 	H2(vl=2,Jt=m) 
31' n (J11) 3l 
0 1 2 3 
0 13 8087 8194 8406 8723 
1 66 7967 8075 8288 8604 
2 12 7733 7839 8052 8368 - 
3 9 7382 7488 7701 8017 
Table 3.3 	HD rotation state populations (n(J")/%) at 
300 K and changes in-energy ( E/cm 1 ) for 
HD(v"=O,J"=n) -> HD(v'=2,S'm) 
J" n(J " ) 	 31 
0 1 2 3 4 5 
0 	20 7087 7169 7331 7573 7894 8291 
1 39 6998 7079 7242 7484 7805 8202 
2 	28 6820 6902 7064 7307 7627 8024 
3 11 6555 6636 6799 7041 7362 7759 
Table 3.4 	D2 rotation state populations (n(J")/%) at 
300 K and changes in energy C EIcm 1 ) 	for 
D2 (v"=O,J"=n) - D2(v'=2,J'm) 
J" n(J11) I' 
6 7 8 9 
0 18 7036 7425 .7871 8371 
1 20 6976 7366 7811 8312 
2 38 6857 7246 7691 8192 
3 11 6677 7067 7512 8012 
4 9 6438 6827 7273 7773 
5 1 6139 6528 6973 7474 
we 
In order to explain the observed cross sections for 
quenching by hydrogen, we start with the assumption that 
the energy of the excited atom is transferred into 
vibration and rotation in the molecule. 	The overall 
process 
1* + H2 .. 	I + H2* 	 (3.1) 
may be expanded as the sum of the processes - 
1* + H2 (v"=j,J"=n) - I + H2 (v'=i ,J'=m) + AE 	(3.2) 
where AE
T is the energy which must be transferred to or 
from translational energy. 	Each of these processes, or 
channels, will have a cross section, a",,,,, which is 




vil i ll (3.3) 
These individual cross sections will depend on AE and on 
Av and AT. 	They will decrease with increasing Av, due 
to the size of the transition matrix element connecting 
the upper and lower states. 	If energy is exchanged via 
multipolar interaction then there are 'selection rules' 
on 3 of AJ =.+J, ±2, ±3.... for dipole, quadrupole, 
octupole .... interactions. 	The interaction of higher 
multipoles involves higher inverse powers of r, the inter-
nuclear separation, and normally only the first non-zero 
term in the interaction potential need be considered. 	- 
In the 1*_H2 case, this is the quadrupole - quadrupole 
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interaction. 	Also for H 2 and D2 , nuclear spin states 
will be unaffected in a long range interaction and ortho - 
para ratios will remain unperturbed, i.e. AJ = ± 0, ±2, 
±4 .... 	For V 	V energy transfer, the cross section 
has been shown to be approximately independent of the 
energy mismatch, AETI  over a certain range, and then to 
fall off rapidly with increasing mismatch. 	The 
transition range in the present case would be ca 100 cm ' . 
The measured rate constants will depend on the single 
channel cross sections, and also on the average collision 
frequency, which is proportional to the mean relative 
velocity, v, and upon the population of the initial v",J" 
state. 	Thus the observed rate constant will be given by 





- 	 v"J" 
This expression may be simplified at room temperature 
since only v" = 0 has a significant population. 
If we now consider the energy difference tables 
3.2-4, we obtain the following channels which satisfy the 
above conditions on AET  and J. 	For H2 there are two 
possible , channels. 
1* + H2 (v"0,J'2) -> I + H2(vt2,J10) 	AE 	-131 cm- 1 
(3.5) 
I* + H2 (v"=O,J"=3) -> I + H2(v'=2,J'=1) 	AET = 114 crri 1 
(3.6) 
At 300 K, 12% of H 2 is in J"=2 and 916 in J"=3. 
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For HD, in which there are no restrictions on nuclear 
spin state changes, more channels may be involved. 
1* + HD(v"=O,I"=O) -> I + HD(v'=2,J'=3) 
	
ET = 29 cm- I 
1* + HD(v"=O,J"=l) -> I + HD(v'=2,J'=3) 
	
ET 	119 cm 1 
1* + HD(v"=0,J"=2) -> I + HD(v'=2,J'=4) 
	
AE  = -24 cm- I 
1* + HD(v"=0,J"=3) -> I + HD( v t=2,Jt = 5) 
	
ET -156 cm 1 
(3.7 - 3.10) 
The populations of the initial rotation states at 300 K 
are 20%, 39%, 28% and 11% for HD,Jtt=0,1,2 and 3 
respectively. 	Other near resonant channels may be 
computed, but as the energy mismatches are all >100 cm 1 
and the initial rotation state populations are much 
smaller than those above, they are unlikely to contribute 
significantly to the overall cross section. 
In comparing the quenching cross sections for H2 
and HD (a/aH = 3.5) we note that for H 2 there are only 
2 
two possible channels and they both have a relatively 
large AE T' 	The total population of the H 2 states 
involved is 21%. 	For HD there are four possible channels 
including two with a much lower AE TI and 98% of the HD 
has a near resonance available. 	The initially surprising 
fact that a 	is greater than 	is therefore quite
HD 	
2 
reasonable if an explanation in terms of resonant energy 
transfer is evoked. 
In contrast to H 2 and HD, for D2 there is only one 
N. 
possible channel for which tET is <200 cm 	and nuclear 
spin is conserved, and for which the initial D 2 state has 
a population of >1%. 
1* + D2 (v"=0,J"2) -> I + D2 (v'=2,J'=8) 	AET  = -89 cm 1 
(3.11) 
This single channel involves a large change in rotation 
state. 	If lxJ is limited-to 2, then AE  would be 
io 3 cm 1 , and therefore there is no suitable near resonant 
channel for the transfer of 7602 cm 	from 1* to D2 . 	It 
is therefore consistent with the explanation of quenching 
of 1* by H2 by near resonant energy transfer process that 
the cross section for D 2 is significantly, lower than that 
for H2 . 
3.4 DISCUSSION OF THE TEMPERATURE DEPENDENCE OF 
D2 	
kH 
AND , 	. 	. 2 
In addition to the large isotope effect observed at 
room temperature (CF H LC D = 92), the two rate constants 
2 	2 
show markedly different temperature dependences. 
That for the quenching of 1* by H 2 can be explained 
using equations 3.4-6 in which there are several 
temperature dependent factors. 	The mean relative 
1 
velocity varies as T 2 ; the populations of the initial 
rotation states change with temperature; there is a real 
activation energy for endothermic channels; and the cross 
section for an individual channel may depend on 
temperature. 	These factors will be combined to give the 
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apparent experimental activation energy when the rate 
constant is expressed in Arrhenius form. 
The variation of the initial rotation state 
populations for the near resonant channels (3.5 and 3.6), 
over the temperature range in which the experimental 
activation energy was obtained, is given in table 3.5. 
Also included in the table are the mean relative 
velocities.-  
Table 3.5 	Temperature dependence of rotation state 
populations J 11 =2 and 3 	(f(J")) for H2 , 	of 
mean relative velocities (v) for 1*/H2 and 
log 	(f(J").) 
e 
T/ T 1 / v/ 1(2)/ f(3)/ log(f(2).) log(f(3) o v) 
K 10 3K 1 104ms 1 % arb units 
200 5.00 1.47 7.05 2.45 1.04 1.28 
250 4.00 1.64 9.84 5.45 1.48 2.19 
300 3,33 1.80 11.79 9.08 1.76 2.79 
350 2.86 1.95 13.07 12.79 1.94 3.22 
400 2.50 2.08 13.86 16.26 2.06 3.52 
If the cross sections are assumed to be independent of 
temperature (q.v. section 3.5), then the contribution of 
these effects to an apparent activation energy can be 
obtained by plotting log( f(J")) against T 1 (figure 
3.4). 	These values are also included in table 3.5. 
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Figure 3.4 	Temperature dependence of calculated single"  
channel cross sections, a,,(ctf(J")xv). 
approximately linear with gradients of 400 K and 900 K 
for channels involving J" = 2 and 3 respectively. 	These 
are equivalent to apparent activation energies of 3.3 
and 7.5 kJmol. 	For the endothermic channel (3.5) only 
collisions with kinetic energy above the threshold value 
of 1,5 kJmol -1 can contribute to the quenching. 	Thus 
the overall apparent activation energies for the two 
channels are; 
channel 3.5; 	3.3 + 1.5 = 4.9 kJmol 
channel 3.6; 	 7.5 kJmol 
The combination of these values would require accurate 
knowledge of the relative importance of each channel, 
but nevertheless they are comparable to the experimentally 
72 derived activation energy 	of (7.2_0.8) kJmol 
rt is not possible to use a similar treatment to 
explain the experimental activation energy for the 
quenching of r* by D272 , (-5.0±2.5) kJmol, via channel 
3.11. 	The slight decrease in the population of the 
2 state with increasing temperature does not give a 
sufficiently negative activation energy. 
This fact, together with the absence of a suitable 
near resonant channel, suggests - that the quenching of 1* 
by D2 occurs through processes which are not the principal 
mechanisms for H 2 and HD. 	It may be postulated that 
the low energy collisions which lead to significantly 
non-linear trajectories or to - the- formation of iodine 
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atom - deuterium molecule complexes are important. 	These 
processes could facilitate multiple changes in rotation 
state, and would have a negative 'activation energy'. 
3.5 CALCULATION OF THE CROSS SECTION FOR QUENCHING BY H 2 
The version of the Sharma - Brau theory of near 
32 
resonant V - V energy transfer applied by Ewing 	to the 
auenchin of Pb( 3P.J by D_ and of Te( 3P.. ,) by H..., is 
adapted below to calculate a theoretical value for the 
cross section for the quenching of 1* by II2  at room 
temperature. 
In first order perturbation theory, the probability 
of transition from an initial state, i, to a final state, 
f, is given by 
fc:zi jV(t) f> exp.(i4t) dt 12 (3.12) 
where ca is IEI/h and V(t) is the time dependent inter-
action potential. 	It is postulated that the coupling of 
electronic to vibrational energy is produced by a long 
range interaction which may be expressed in terms of the 
transition multipole moments. 	Simplifying the model, 
the root mean square angle averaged quadrupole - 
quadrupole interaction.(the first non-vanishing term of 
the potential), and a straight line trajectory are used. 
For an impact parameter, b, and relative velocity, v, 
the probability may be expressed in terms of a second 





 lei  
12 I  (Wb / v) 2 K2(4b/v)]2 P(,b,v) 	5ir1'1 	fI 	iI 
F(5/2) v2 b8 
(3.13) 
where QA 2 is the square of the off-diagonal matrix 
M 
elements of the quadrupole tensor of the atom, and Q.f 2  
that of the molecule. 	To obtain the cross section, this 
equation should properly be averaged over velocity and 
integrated over impact parameter. 	However, following 
Ewing, the mean thermal velocity, ; = ( 8kBT/7rm)2, is used. 
If we define A as; 
- 2 --2 I A ' 
A = 0.7r11v 	IifI
2  k 	r(5/2) 	(3.14) 
the cross. section will be given by; 
a = 2Afo 2 	
b db 	 (3.15) 
 b8 
To be able to apply this treatment to the quenching 
of 1* by H2 , the quadrupole matrix elements for 
< 1* J Q I I > and <H2 I Q I H2 	> are required. 	The 
v=O 	v=2 
quadrupole matrix element for the first overtone of H 2 
has been calculated 79 ' 8° and I Q02 H 2  12  is 1.1x10 56 e s u 2 cm4 .t 
I Qif 112 àan be obtained from the quadrupole A factor, A, 
by use of equation 3.16. 81 
1Q12 = (2J+1)5hc5A q /32 r 
6 	5 
P 	 (3.16) 
In common with other calculations of this type, c.g.s, 
units will be used in this section. 
Me 
where (2J + 1) is the degeneracy of the upper level. 
	
81 	 -1 A has been calculated by Garstang as 0.055 s , and 
this value gives Q. f '1 2 = 4.4x10-51 	2 esu cm 4  
Substituting these values in equation 3.14 we obtain 
A = 2.27x10 63 cm 4 . 
To continue the calculation, the hard sphere collision 
diameter, d, is required. 	This is estimated as the sum 
of the H 2 molecular hard sphere radius, 1.48 R 82 and 
the iodine atom Van der Waals radius, 2.15j?. 83 	Thus a 
value ofd = 3.63 R is used. 	This is very similar to 
the value obtained from the Wong and Lee molecular beam 
77 	 -1/6 	o experiment ; r  x 2 	= 3.61 A. 	The other quantities 
used in the calculations are listed in table 3.6. 
The integration in equation 3.15 is divided into two 
ranges; 
-4 	2 	- 
d (b/v) K2 (b/v)  
Ii () =10 	b'8 	
b db 	(3.17) 
OD 	 4 	2 
(t,b/) K2 (b/) b db 




Itis assumed that (Gb/j 4K2 2 (c4b/v)b 8 for b< is given by 
(wd/r)4K22(cijdIv)d 8, and thus 
Ii ('3) 	
= 	
( z4/) 4 K22 (d/v) / d 6 
	
(3.19a) 
The approximation made by Ewing for 12((A))  is inapplicable 
in the present case (it gives rise to a negative cross 
section). 	12(w) is evaluated by an approximate numerical 
integration. 
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Table 3.6 	Quantities used in and results from the 
calculation of the cross section for 1*/H 2 
1* + H2 (J"=2) 
	
1* + H2 (J"=3) 
AE / cm" 
(4 /8 ' 
d / cm 
H212 	S 
Q I /erg cm 
:i: 	12 	5 
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71 
1 2 () = 	U..b/) 4 K2 2 (b/v) b 7 tb 	 (3.19b)' 
This sum converges very rapidly and was evaluated for 
Ab = 0.25 2 and d<,birzt 2d. 	The results of the calculations 
are given in table 3.6. 	The cross section for channel 
3.5 is calculated to be 1.2x10 9 cm2 and for channel 3.6, 
3.4x10'' 9 cm2 . 	To compare these values with the 
experimental result, 6.2x10' 9cm2 , it is necessary to use 
equation 3.3, noting again that for channel 3.5 only those 
collisions in which the relative kinetic energy exceeds 
the endothermicity can contribute to the overall cross 
section. 	Thus 
0total = 0.12 x 0.53 x 
72
+ 0.09 x 03 
-20 	2 
= 4x10 	cm 
This simple type of calculation has been shown to be 
over sensitive to AE for some cases of V - V energy 
transfer, and the calculation above may have under-
estimated the cross section and predicted too great a 
difference between the cross sections for channels 3.5 
and 3.6. 	However, since the experimental and computed 
values are in reasonable agreement, it is felt that the 
small difference' between them does not disprove the 
possible importance of multipolar interaction in the near 
resonant energy transfer from 1* to H2 . 
In the discussion of the temperature dependence of 
the rate of quenching of 1* by H2 , section 3.4, a value 
of the ap%rent activation energy was calculated with the 
assumption of a temperature independent cross section. 
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The calculation of cross sections, above, includes two 
_-2 
further temperature dependent factors. 	The first, v 
would give a negative contribution to the apparent 
activation energy, some of which would be balanced by a 
positive contribution from (ib/) 4 K22 (.ub/r). 	The result 
of the inclusion of these terms would not significantly 
affect the values obtained in section 3.4. 
3.6 ISOTOPE EFFECTS IN THE QUENCHING OF EXCITED ATOMS BY 
The quenching of several other electronically excited 
atoms by hydrogen has been investigated and some results 
are given in table 3.7. 
Table 3.7 	Isotope effects in the quenching of excited 





Cr H2/cm 0/cm2 	0D2/cm Ref. 
Cs(6 2P312 ) 
...Cs(6 2P1) 554 2.6x10 15 2.2xl0 5 	1.6xl0 15 84 
Pb(6 3P 2 ) 
->Pb(6 3P 1 ) 2831 8.4x1O 8 - 	ca6.8xlO 7 35 
Pb(6 3P 1 ) 
->Pb(6 3P 0 ) 7819 1.6xlO20 - 	 3.9xlO 2 87 
T1(6
2 
 P 3/2 
->Tl(6 2P i ) 7793 2.8x10 18 - 	<4.7xlO 9 86 
Te(5 3P10 ) 
'->Te(5 3P 2 ) 4707 5.8x1017 - 	 6.9x10' 2° 66 
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2 	84 
Considering first cesium, Cs(6 P 3 , 2 ) , the energy 
involved, 554 cm- I . is not sufficient to excite any 
vibration in H2 , HD or D2 , and thus E ->R energy transfer 
processes may be important. 	Possible rotation state 
channels in which nuclear spin is conserved and which are 
in near resonance with the ( 2P 312 -.> 2P1) transition 
involve; 
CS* + H 2 (J"=l) (651o) ->Cs + H2 (J=3) 
Cs* + HD(J"=O) (201o) ->Cs + 1-ID(J'=3) 
Cs* + HD(J"=l) '(39%) ->Cs ± HD(J'3) 
Cs* + HD(J"=2) (28%) -'Cs + pjj(Jt...4) 
Cs* + D 2 (I"=3) (11%) ->Cs + D 2 (J'=5) 
LET = -33 cm 1 
ET = 22 cm- 1 
ET = 112 cm-  
AE = -62 cm- 
AE T = 15 cm- 1 
(3.20 - 3.24) 
(The figures in brackets are the initial rotation state 
populations at room temperature.) 
The experimental results for H 2 and D 2 may be inter-
pretèd in terms of channel's 3.20 and 3.24 in which channel 
3.24 will have a larger cross section due to the much 
smaller energy mismatch. 	The temperature variation in 
the experimental cross sections 84 , shown' in figure 3.5, 
is consistent with the changes in the initial rotation 
state populations. 	For HD the situation is more 
complicated, but it may be assumed that any &T=3 transition 
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that channel 3.21 may not make a significant contribution. 
Due to its smaller SET,  channel 3.23 may have a larger 
cross section than 3.22, and the temperature variation 
may be due principally to the variation in the population 
of the J=2 state, which does increase with temperature. 
These results suggest that treatment of E - V,R 
energy. transfer which has-been applied to I quenching 
could also be applied to E .*R energy transfer. 	Baylis 
et al. 
85 have discussed the quenching of Cs* by deuterated 
methanes, using a semi-classical model, in terms of the 
Fourier components which arise from the rotation of 
methane. 	Their calculations match the experimental 
isotope effects, but they have not discussed the hydrogen 
results. 
The other processes in table 3.7 can be discussed in 
terms of E ->V,R energy transfer. 
The quenching of lead 35 , Pb(6 3P2 ) ->Pb(6 3P 1 ), is 
the only process shown where a 	 is greater than 
2 
The energy released, 2831 cm , is sufficient to excite, 
a vibration quantum in D 2 in a near resonant process; 
Pb(3P2) + D2 (v"=O,J"2) -t.Pb( 3P 1 ) + D2 (v'=1,J'=2) 
AE 
T
= 17 cm. -1 	 (3.25) 
For H20 
 however, near resonant channels would involve 
very large M, e.g.; 
76 
Pb( 3P 2 ) + H2 (v"=O,J"=l) ->Pb( 3P 1 ) + H 2 ( v t = O )I Jt=7) 
ET = - 299 cm -1 	 (3.26) 
or states with <4% of the H 2 molecules, e.g.; 
Pb( 3P 2 ) + H2 (v"=O,J"=8) ->Pb( 3P 1 ) + H2 (vt=1,Jt=8) 
AE T = -25 cm 	 (3.27). 
It is to be expected that the cross section for either of 
these processes will be smaller than that for the near 
resonant channel available for quenching by D 2 . 
In a discussion of the quenching of thallium 86 
T1(6 2P312 ) -Tl(6 2P1) (E = 7793 cm') 87 , much of what 
has been written above with reference to the quenching of 
1* will hold. 	From table 3.2 it can be seen that for 
this atom there is only one possible channel for quenching 
by H2 , and this may be the explanation of the smaller 
isotope effect. 
The quenching of lead87 , Pb(6 3P 1 ) . Pb(6P) 
(E = 7819 cm) by H2 has been discussed by Ewing, 32 
to 3 P is forbidden and the states are not coupled 
by electric quadrupole or higher multipole. 	A similar 
calculation to that given above for 1*/H2 yielded a cross 
section 10 
3  times greater than the experimental value. 
The very inefficient quenching of Pb(6 3P 1 ) by H2 and D2 
may be due to a curve crossing on the repulsive part of 
the potential. 35 
	 . 
The quenching of tellurium 
66, 
 Te(5 3P10 ) .Te(53P2) 
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(AE = 4703 cm), gives rise to one of the largest isotope 
effects measured. 	The quenching by H2 has been discussed 
by Ewing 32 , using a Sharma - Brau treatment on the very 
near resonant channel; 
Te* + H2 (v"=O,J"=l) -'Te + H 2 (v'=1,J'=3) 	,E = -10 
(3.28) 
For D2 there is no near resonant channel which does not 
involve either large M, or large energy mismatch, the 
most nearly resonant being; 
Te* + D2 (v 1'=O,J 11 =1) ->Te + D2 (v'=1,J'=7) 	AE = 158 cm 
(3.29) 
The contrast between a good resonance with H 2 and a very 
poor resonance with D2 is proposed as the explanation of 
the large isotope effect. 
3.7 THE USE OF PARA-HYDROGEN IN INVESTIGATING THE 
QUENCHING OF 1* 
It has been proposed above that the quenching of 
I(5 2P312 ) occurs principally via channels involving the 
= 2 and 3 states of H 2 . 	By employing H2 in which the 
fractionof molecules in J" = 0,2,4,... is increased, it. 
will be possible to investigate the effects of rotation 
in the quenching of excited iodine atoms. 
The methods of preparing and analysing the para-
enriched hydrogen were described in chapter 2. 	Several 
attempts to obtain the rate constants for quenching by 
various percentages of pára-hydrogen were made using the 
ME 
resonance fluorescence method. 	However, difficulty was 
encountered in using the hydrogen, and no results can be 
reported. 	There would have been a low concentration of 
radicals present in the reaction vessel as a result of 
photolysis of the alkyl iodide by the resonance lamp. 
It is possible that this was sufficient to catalyse the 
para - ortho conversion, and that the fraction of para-
hydrogen relaxed to that of normal hydrogen before a rate 
could be determined. 	When the experiment is repeated, 
care must be taken to minimise this effect. 
The results that should be obtained from such 
experiments at room temperature have been predicted on 
the basis of a Sharma - Brau mechanism as follows. 	The 
experimental cross sections will depend on the populations 
of the J" = 2 and 3 states, and the dependences of these 
populations on percentage para-hydrogen are plotted in 
figures 3.6(a) and (b). 	The predicted contribution of 
each channel, 3.5 and 3.6, is obtained by multiplying the 
population of each initial state by a weighting factor 
which accounts for the differing single channel cross 
sections.calcula.ted in section 3.5 (land 2.7 respec-
tively), and by the Boltzmann fraction (0.53) in the case 
of channel 3.5. 	Thus we should expect the experimental 
cross section to be 
Cr oc 1 x 0.53 x f(2) + 2.7 x f(3) 	 (3.30) 
The dependence of this quantity upon percentage para-
hydrogen is plotted in figure 3.6(c), and shows a very 
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Figure 3.6 	Dependence upon percentage p-H2 of rotation 
state populations (n(J)) and predicted 
experimental cross section for the quenching 
of 1* by F!2 (a). 
slight negative dependence. 
It is unfortunate that a strong dependence is not 
predicted since that plotted on figure 3.6(c) probably 
lies within the experimental errors. 	The absence of a 
dependence of experimental overall cross section with the 
ortho - para ratio of hydrogen would however provide some 
support for the proposal tha.t channels 3.5 and 3.6 are 
involved in the quenching process. 
The use of para-enriched hydrogen has many interesting 
possibilities in the study of excited atom quenching,: and 
temperature dependent studies, particularly at low 
temperatures, may prove a useful tool to probe the cross 
sections of individual channels. 
3.8 SUMMARY 
It has been shown that the rates for the quenching 
of excited iodine atoms by H2 and HD may be discussed in 
terms of near resonant energy transfer and that the rate 
for quenching by H2 may be obtained, within a factor of 
twenty, by a calculation based on a long range multipolar 
interaction. 	The relatively inefficient quenching by 	D2 
is unlikely to proceed by a similar mechanism. 	It is 
proposed that this takes place by other, possibly short 
range, processes which, although present when there are 
near resonant channels, are not dominant. 	The varied 
isotope effects in the quenching of several other excited 
atoms may be rationalised by considering possible near 
81 
resonant energy transfer channels. 
Unfortunately, the evidence for such processes is at 
present only indirect. 	The use of para-hydrogen has been 
discussed, although the evidence from such studies would 
still be indirect. 	The observation of the excited 
hydrogen would lend great weight to the model proposed. 
This may be possible in a flow system connected to a Raman 
spectrometer, but the experimental problems are unlikely 
to justify such a complicated measurement for many years. 
It is hoped that more rigorous calculations based on the 





ENERGY TRANSFER FROM I (5p 5 ( 2P1)) TO METHANE 
4.1 INTRODUCTION 
In this chapter the spin orbit relaxation of excited 
iodine atoms on collision with isotopically substituted 
methanes is discussed. 	Experiments h-ave been carried 
out to determine the-rate constants for quenching of 1* 
by CH4 , CHD3 and CD4 , and the results are shown to be 
consistent with resonant energy transfer processes. 	Some 
of this work has been published in reference 88 (appendix 
5). 
The quenching of 1* by polyatomic molecules has been 
investigated by several workers (q.v. appendix 4), but 
there has been no well established attempt to explain the 
results.. 	It was felt that an investigation of the 
quenching by isotopically substituted methanes would form 
a simple series in which some explanation would be 
possible. 	With these molecules reaction will not be an 
important process since there can be no photolysis of the 
methane at the wavelengths used, and the reaction 
1* + CH 	- CH3I + H 
is endothermic (H = +6.2 kJmol). 	The reaction 
1* + CH 	HI + CH  
(H = +2.6 kJmol-1 83 ) 	has an activation energy of 
ca 55 kJmol 	and is of negligible importance in the 
(4.1) 
(4.2) 
removal of 1*. 89 
	Thus the only processes which need-  be 
considered are of the type 
1* + Cl-I4 - I + CH4* 
	
(4.3) 
Deakinand Husain have measured the rate constant 
for quenching of 1* by C 4 at room temperature 19 l-I 	and over 
the temperature range 180 K to 410 K. 72 	They obtained 
a value for kH(300).= (1.1±0.5)x10 3 cm3 molecule s 
and for k   (T) = A exp(-E/RT) where 1og 10 (4) is (-13.40 
2 
±0.17) and E, the apparent activation energy, is (-2.1 
±0.8) kjmol 1 . 	The former value is equivalent to a room 
temperature cross section of (1.7_0.8)xlO 	cm 
4.2  EXPERIMENTAL METHODS AND RESULTS 
The experiments with CD4 were done using the earliest 
resonance fluorescence apparatus 88 , and those with CH  
and CHD3 on the more developed form of that technique. 
The CH  and CD  were supplied by Matheson (research grade) 
and were used directly from the cylinder. 	The CHD3 was 
supplied by Merck, Sharpe and Dohme and was used directly 
from the sealed bulb. 	The gases were analysed for purity 
using a mass spectrometer, and no impurity was found which 
could have a significant effect on the accuracy of the 
results of the quenching experiments. 
The CD  experiments were conducted on a mixture of 
CF 3I and CD  only. The CF 3 I pressure was 660 Nm 2 and 
the partial pressure. of CD  was varied from 0 to 100 Nm2. 
84 
With no diluent gas, there was a possibility that there 
would have been some heating of the gas in the-fluores-
cence cell due to the flash. 	To investigate this a 
sample was repeatedly flashed and no change in the rate 
was observed. 	It was therefore assumed that, with the 
low flash energies being employed, isothermal conditions 
were maintained. 	The CH4 experiments were carried out 
using mixtures of CH4 with a 20:1 basic mixture of N 7 and 
C 2F5 1. 	The total pressure varied from 1.3 to 4.6 kNm 2 
and the partial pressure of CH  from 0 to 50 Nm 2 . 	The 
rates for the basic mixture varied from 50 to 100 s_ i 
over the pressure range employed. 	This.variation, being 
well within the errors in the higher rates, was neglected 
in the calculation of the CH  quenching rate constant. 
The CHD 3 experiments were all carried out at a total 
pressure of 3 kNm 2 . 	The basic mixture was 40:1 He and 
and the partial pressure of CHD 3 was varied from 
0 to 130 Nm 2 . 
The results of the experiments are shown in figures 
4.1, 4.2 and 4.3. 	The second order rate constants 
obtainedfrom these are 
+ 	 -14 	3 	-1 -i k 	(9.2_0.5) x 10 	cm molecule sCH 4 
+ 	 -14 	.3 	-i -1 k 	(4.7_0.5) x 10 	cm molecule sCHD3 
	. 
+ 	 riS 	3 	-i_i = (2.2_0.4) x 10 	cm molecule. s 
which are equivalent to thermally averaged cross sections; 
1400 
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aCH 	= (1.5±0.1) x io 8 cm 2 





 cm 2 
The values for CH  are in good agreement with those of 
Deakin and Husain. 
4.3 CALCULATION OF VIBRATION AND ROTATION ENERGY LEVELS 
OF METHANE 
In order to be able to discuss these results in terms 
of 'resonant energy transfer, it is necessary to know the 
energies of the vibration - rotation states and 
transitions of the methanes, which are in near resonance 
with the iodine atom transition. 
The fundamental vibration frequencies are known for 
all these species 
90
and are given in table 4.1, together 
with the rotation constant, B0 . 91 ' 92 	The numbering of 
the frequencies is that of Herzberg. 91 Several overtone 
and combination bands have also been studied under high 
resolution to yield rotation parameters. 93-95 	However 
there do not appear to have 'been any experimental 
investigations of the spectra in the region of interest 
here, 7100 to 8100 cm- 1. 	It was therefore necessary to 
calculate the energy levels from the known fundamentals 
by a suitable extrapolation.  
For CH  and CD  this was readily achieved by using 
Table 4.1 	Fundamental vibration frequencies and rotation 
constant (cm- I  ) of CH4 , CHD3 and CD  (from 
reference 90) 
Band Type CH  CHD3 CD  
V1 a 1 2915 2142 2085 
V2 e 1534 1291 	- 1092 
V3 f 3019 2259 
'3a a 1 2993 
V3b e 2263 
V4 f 1306 1158 
V4 a 1 1003 
V4b e 1036 
B0 5.25 3.28 2.64 
PLO 
the results of Jones and McDowell. 96 	They have computed 
the harmonic frequencies, wi, and the anharmonicity 
factors, X.., and by use of the formula 
G = 	w. (y. + d./2) + 	 X..(v. + d./2)(v. + d./2) 
1=1 	 i1 ) 	1 
(4.4) 
higher levels may be obtained. 	To a close approximation 
the frequencies so obtained can be interpreted as the sum 
of the fundamentals or overtones of each constituent mode. 
The overtones are equivalent to those calculated using 
the empirical relationship 
V T1 = v° (n-i +6 ) 
	
(4.5) 
where V0 is the fundamental frequency of the ith mode, 
vrl is the nth overtone, and 	is a small factor, the same 
for CH  and CD4 , which allows for the anharmonicity. 
These facts were used to obtain the frequencies for CHD 3 . 
The overtones were calculated using equation 4.5, and the 
combinations by adding together the values so obtained. 
The results of these calculations are given in tables 
4.2, 4,3 and 4.4. 	It should be noted that-CD 42 
 in 
contrast to CH4 and CHD 3 , has no combinations of three 
quanta with energy between 7100 and 8100 cm -1 
A knowledge of the vibration state energy levels 
alone is not sufficient to give the energy mismatches 
since changes in the rotation -state can reduce the energy 
to be transferred to translation. 	It is therefore 
91 
Table 4.2 	Combinations of three quanta with 7100 cm 
< E < 8 .100 cm 	for Cl-i4 
Combination E/cm 1 
2v 3 + V 7282 I.R. active 
V 2 + 2v 3 7506 7514 observed in I.R. 
V1 + 	 V 	 + V 7162 I.R. active 
V
1 
 + V2 + 	V3 7389 I.R. active 
2v1 + V2 7237 I.R. inactive 
Table 4.3 	Combinations of three quanta with 7100 cm 
< E < 8100 cm for CHD 3 
Combination 	 E/cm 1 
V 
1 3a 
+ 2v 8007 
VI + 	3a  + V 3 	- 7398 
2v1 + V3 7191 
V2 + 2v 
3a 7156 
V3a + 2 V3 7496 
all I.R. active 
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Table 4.4 	Combinations of four quanta with 7100 cm- 1 
< E < 8100 cm- 
I 




3v 3 + V4 7700 .R. active 
V + 2V 3 +.v4 7525 1. R. active 
V1 + V2 + 2v3 7617 1. R. active 	(a) 
2v1 + v2 + 	V3 7428 I.R. active 	(a) 
3v1 + v4 7128 I.R. active 
3v i + V2 7222 I.R. inactive 
+ 3v 7791 I.R. active 	(a) 
2v1 + V3 + V4 7334 I.R. active 
4v1 8044 I.R. inactive 
(a) The corresponding overtones and combinations have 
been observed in the spectrum of CH 4* 91 
necessary to know the rotational energies and the fraction 
of molecules in each rotation state. 	Due to the 
uncertainty in the energies of the vibration levels, it 
was not considered necessary to calculate the rotation 
energy levels with great precision. 	In determining the 
rotation state population,s it was assumed that the effect 
of symmetry and nuclear spin could be neglected at 300 K. 
It was also assumed that the value of the rotation 
constant of the ground vibration state, B 0 , would be a 
good approximation to that of the upper vibration states. 
Further CHD 3 was treated as if it were a spherical top. 
Thus the energy levels were calculated using 
F(J) = B0 J ( J + 1 ) 	 (4.6) 
and the populations using 
n(J) oc.  exp( _F(J)/kBT  ).(23+1 )2 
	 (4.7) 
The resultant populations and the energies of the 
transitions J' . J" for AJ = ±1 and ±2 are given in 
tables 4.5, 4.6 and 4.7. 
4.4  DISCUSS r ON OF THE QUENCHING BY CH  
It is proposed that the cross section for quenching 
by methane can be interpreted in terms of near resonant 
long range energy transfer. 	Support for this explanation 
comes both from comparative results for CH 4 , CHD3 and CD  
discussed in the following section, and from the 
simplified application of the Sharma - Brau theory of 
Table 4.5 Rotational ground state populations (%) and 
energy differences (cm) for CH  
n(J") . zJ 
-2 -1 1 2. 
0 0.2 . -11 -32 
1 1.9 11 -21 	-. -53 
2 4.8 32 21 -32 	- -74 
3 53 32 -42 -95 
4 11.0 74 42 -53 -116 
5 12.8 95 53 -63 -137 
6 13.2 116 63 -74 -158 
7 12.4 137 74 -84 -179 
8 10.6 158 84 -95 -200 
9 8.4 179 95 -105 -221 
10 6.2 200. 105 -116 -242 
11 4.3 221 116 -126 -263 
12 2.8 242 126 -137 -284 
13 1.7 263 137 -147 -305 
14 1.0 284 147 -158 -326 
15 0.5 305 158 -168 -347 
Table 4.6 	Rotational ground state populations (%) and 
energy differences 
-1 
(cm 	) for CHD 3 
n(J") : AJ 
-2 -1 1 2 
0 0.1 *_7 -20 
1 1.0 7 -13 -33 
2 2.5 20 13 -20 -46 
3 45 33 :20 -26 -59 
4 6.6 46 26 -33 -72 
5 8.4 59 33 -39 -85 
6 9.7 72 39 -46 -98 
7 10.4 85 46 -52 -111 
.8 10.4 98 52 -59 -125 
9 9.8 111 59 -65 -138 
10 8.8 125 65 -72 -151 
Ii 7.4 138 72 -79 -164 
12 6.0 151 79 -85 -177 
• 	 13 4.6 
• 	
164 85 -92 -190 
14 3.5 177 92 -98 -203 
15 2.5 190 98 -105 -216 
16 1.7 203 105 -111 -230 
17 1.1 216 111 -118 -243 
18 0.7 230 118 -125 -256 
19 0.4 243 125 -131 -269 
Table 4.7 Rotational ground state populations (%) and 
energy differences (cm
-1 
) for CD  
n(I 11 ) 
-2 -1 1 2 
0 0.1 . -5 -16 
1 0.7 5 -11 -27 
2 1.9 16 11 -16 -37 
3 3.4 27 16 -21 -48 
4 5.1 37 21 -27 -58 
5 6.7 48 27 -32 -69 
6 8.0 58 32 -37 -80 
7 960 69 37 -42 -90 
.8 9.4 80 42 -48 -101 
9 9.3 90 48 -53 -111 
10 8.9 101 53 -58 -122 
11 8.0 111 58 -64 -133 
12 7.0 122 64 -69 -143 
13 5.9 133 69 -74 -154 
14 4.7 143 74 -80 -164 
15 3.7 154 80 -85 -175 
16 2.8 164 85 -90 -186 
17 2.0 175 90 -95 -196 
18 1.4 186 95 -101 -207 
19 1.0 196 101 -106 	. -217 
20 0.7 207 106 -111 -228 
21 0.4 217 111 -117 	- -239 
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multipolar interaction 	given below. 
The quenching of 1* by CH  can be discussed as the 
sum of the processes 
I* + CH4 (v't=O,J"=n) -' I + CH4 (v'i,J'=m) + AE 
(4.8) 
From table 4.2 it can be seen that the vibration 
transition in closest resonance with the iodine spin - 
orbit separation is 
CH4 (0000) -> CH4 (0120) 	AE = 7506 cm- 1 	(4.9) 
If the effects of rotation state changes are included, and 
iJ.= ±1 processes are considered (these are the only 
transitions allowed for dipole - quadrupole coupling in a 
first order calculation), then a resonant channel is 
I* + CH4 (0000;9) - I + çH4 (0120;10) 	AE = 0 
(4.10) 
However the Sharma - Brau treatment is also valid for near 
resonant channels. 	For 6<, 3" < 13, the energy mismatches 
are less than 30 cm', and these rotation states account 
for half the CH  molecules at 300 K. 	To simplify the 
calculation, the approximation is made that the experi-
mental cross section can be expressed as 
13 
Gexp t 	a(E = 15 cm) 	> 	
f(J")  
and that the cross section for a single channel within 
this range is therefore, twice the experimental cross 
8 	2 section and is 3.3x10 	cm. 
According to the Sharma Brau theory of V ->V energy 
transfer the cross section for near resonant channels 
for dipole - quadrupole interaction is given by43 
2 3ir M 
0 	
64?I2kBT 
1 	2 IQ 2 
03 r 
(4.12) 
where M is the reduced mass, r is the hard sphere cross 
section, I031(=- <00001p 10120> ) is the dipole transition 
matrix element connecting the (0000) and (0120) states of 
CH 42 
 and IQI is the quadrupole transition matrix element 
between 1* and I. Equation 4.12 can be rearranged to 
give I'03I 
I 	
12 	8 2 2 4 	
/ 	
2 
'O3I = 	V r a (4.13) 
4 	-1 
The mean relative velocity at 300 K is 6.6x10 cm $ 
The quadrupole transition matrix element for the iodine 
atom has been calculated in section 3.5 and 1Q12 is 
-51 	2 4 
4.4x10 	esu cm . 	The hard sphere cross section is 
obtained from the sum of that for CH 4' 
 obtained from 
transport properties 82 , and that of the iodine atom, and 
a value of 6 R is used. 	With these values in equation 
4.13 we obtain 11-1031 = 1.2x10 41 esu2cm4 or <0000IpI0120> 
= 3.5x10
-21 
 esu cm 2  
In order to determine whether this is a reasonable 
value, and in turn a reasonable argument, this value is 
compared with the transition matrix element Poll for the 
fundamental (0000) to'(OOlO) transition as determined from 
infra-red absorption studies. 	The integrated absorption 
intensity, 101,  of this band has been measured as 
10 	-1 -1 97 900x10 cm s . 	Herzberg gave the relation between 
the integrated intensity and the dipole transition matrix 
element 91 as 
I 	= f ku  di, = N m nm B h u nm 
(4.14) 
3 8r v.  
nm 	I 	2P J= 	 N 
3 h c mjnm 
where N 
m 
 is the number of molecules in state, m. 	In the 
units implied by these equations, 101  is 1.lxlO
-17
cm 
'-1 	 2 	 -39 	22 molecule and we obtain 	= 8.9x10 	esu cm , or 
0000II0010 > = 9.4x10 20 esu cm2 . 
Thus we must compare the value of IoiI Of 9x10 
esu cm obtained from infra-red intensity measurements with 
of 3.5x10
-21 
 esu cm obtained from the experimental I 031  
quenching cross section by use of the Sharma - Brau 
formalism. 	Due to the approximations involved in 
determining the latter value from the cross section, and 
to the fact that the value of I p ol l was obtained from an 
integrated absorption intensity when individual lines may 
have very varied intensities, a detailed comparison is 
not justified. 	However, the factor of 26 between the 
two is of the correct order. 	If we had obtained a value 
of
03I 	IoiI then we should have had to propose that 
an additional mechanism was responsible for the cross 
section. 	If the difference between them had been greater, 
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this would have suggested that the proposed mechanism 
would produce a cross section that was too large. 
Consequently, although the factor of 26 does not 
constitute proof, it provides evidence that the energy 
transfer occurs via a long range multipolar interaction. 
4.5 COMPARATIVE DISCUSSION OF T HE QUENCHING BY CH4I CHD 3 
AND CD  
The small cross section for quenching by CD  relative 
to CH  can be discussed assuming that resonant energy 
transfer is the dominant process for quenching by CH 4 . 
As has been seen, there are several, channels which 
give a small energy mismatch with tv = 3 and M = 1 for 
CH 
4' 
	However, for CD 
40 
 table 4.4, to achieve a good 
energy match, it is necessary to employ four vibration 
quanta. 	The highest state with three quanta has an 
energy of ca 6500 'cm, and the disposal of the excess 
energy would either necessitate releasing a great amount 
of energy into relative translation, or exciting very high 
rotation states (LJ 	10). . It is therefore 'quite 
reasonable that the cross section for quenching by CD 4 is 
smaller than that for CH  since the resonances available 
in the latter case are absent in the former. 	A treatment 
similar to that for CH  given in the previous section, 
could be given for CD 
42 
 but with the excitation of an 
additional vibration quantum, the extrapolation from the 
fundamental infra-red absorption intensity would be less 
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reliable and less informative. 	Although it is difficult 
to.discuss the low cross section for quenching by CD 4P 
the fact that it is less than the cross section for CH  
supports the discussion of the latter case in terms of 
the Sharma - Brau theory of near resonant energy transfer. 
The similarity of the cross sections for quenching 
by CH4 and CHD3 (aCH/ 	 2) can also be discussed 
in terms of this model. 	A comparison of tables 4.2 and 
4.3 shows that the vibration energy levels around 7600 
cm 	are similar for each molecule. 	Inclusion of 
rotation changes of M = ±1 has been shown to result in 
50% of the CH4 molecules having an available channel with 
I EI <30 cm 1 . 	For CHD3 (table 4.6) possible channels 
are 
1* + CHD 3 (v=0;J'11) 	-, I +CF3(v3= 1, v3b= 2 ;J'=J h '+l) 
(4.15) 
where 30% of the CHD 3 molecules have a channel available 
resulting in JAEI <30 cm - 	only 8% have 
I LEI <10 cm 1 . 	The relative infra-red integrated 
absorption intensities of the fundamental bands involved 




	U3b  150. 	(CH 4 	v 2 is infra-red inactive.) 
The simple application of the Sharma - Brau theory used 
in section 4.5 would accordingly yield a greater 
difference between Cl-I4 and CHD3 than is obtained from 
experiment. 
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A possible error in the theory may be too strong a 
dependence on the energy mismatch. 	Also, although in a 
first order treatment of dipole - quadrupole interaction 
= 0, ±1, under more rigorous treatment higher changes 
in rotation state may, be permitted. 	If changes of 
AJ = ±2 are allowed, then the fraction of molecules for 
which a near resonant process is possible is almost unity 
for both molecules, and the calculated cross sections 
would be more nearly equal. 	It is not felt that it is 
possible to extract a great deal of information from the 
Cl-i4 - CHD 3 comparison. 	The theory is not sufficiently 
well defined to treat systems in which such small 
differences are obtained. 
4.6 SiJMM&RY 
In this chapter it is shown that for a series of 
molecules in which strong chemical interaction is absent, 
the model of long range multipolar interaction can be used 
to discuss the excited iodine atom quenching cross 
sections. 	The discussion is hampered by a lack of 
information on the infra-red spectra of the methanes. 
In particular a study both of the frequencies of the bands 
in the region 7500 cm 	to 7700 cm 	also of the 
relative, and if possible absolute, infra-red integrated 
absorption intensities, would enable a more reliable 




ENERGY TRANSFER FROM I (5p 5  ( 	TO OTHER POLYATOMIC 
MOLECULES 
5.1 INTRODUCTION 
In this chapter data are presented for the quenching 
of excited iodine atoms by the polyatomic molecules; 
C 2D4 , CHF 3 , CHC1 3 , CDC1 3 , Cd 4 , C 2F 5 1, and i-C 3F7 1. 
The rate constants for these molecules and other related 
species are considered. 	It is shown that in some cases 
they can be discussed in terms of the long range resonant 
energy transfer processes which have been shown in 
chapters 3 and 4 to be important for quenching by hydrogen 
and methane. 	In other cases, the increased magnitude 
of the cross sections suggests that additional mechanisms 
may be important 
5.2 THE QUENCHING OF I * BY ALKENES 
Introduction 
The quenching of 1* by various alkenes has been 
investigated by Husain et al., 98 ' 72 and the results are 
included in appendix 4. 	They noted a correlation between 
the rate constants and the ionisation potential of the 
alkene, and proposed that the following mechanism may be 
important; 
L 	
-)  1* + C I + C H 	(5.1) [,,C n 
H  2n 
+ 	 n2n 
The reaction of ground state atoms with alkenes has 
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been extensively studied. 99 	The reaction with molecular 
iodine, in contrast with the other halogens, is very slow, 
and this is usually explained by saying that the di-iodide 
IC 	N. is unstable and also that the C"- cj species is 
unstable. 
The quenching of excited thallium, Ti(6 2P312 ) by 
alkenes has been investigated by Wiesenfeid et al.. 86,100  
Although the energy involved (7393 cm) is similar to 
-1 
that for iodine (7602 cm ), the rate constants do not 
show similar trends. 	Wiesenfeld et al. proposed the 
formation of a complex, but due to the differing electron 
affinities of 1* and Tl*, they suggested that charge 
transfer is in the opposite direction: 100 
Ti* + C H 	
- IT 
1 + C H 1 -> Ti + C H n2n n2nj 	 n 2 
(5.2) 
However the electron affinities of the aikenes are not 
available and it is-not possible to investigate the 
correlation of rate constant with this quantity. 
If the mechanism of Husain et al. for the quenching 
of 1* is correct, and if E ->V energy transfer in the 
complex is rapid, it should be expected that the rate 
constant for quenching by C 
2 D 4 
 would be very similar to 
that for quenching by C 2 H 
 4 
 since the ionisation potentials 
are virtually equal (C 2H4 , I.P. = 10.517±0.003 eV; 
C 2D4 , I.P. = 10.528±0.003 eV). 01 	To test this, the 
rate constant for quenching by C 2 D 4 
 was obtained. 
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Experimental Method and Results 
The experiments were conducted using time resolved 
resonance fluorescence. 	The data were collected on the 
PDP ii, and the results plotted are obtained from the 
average of four experiments. 	All experiments were 
conducted at a total pressure of 3 kNm 2 using a basic 
mixture of helium (X grade) and CF 3 I.,. 40 to 1. 	The 
partial pressure of the quencher was varied from 0 to 
400 Nm 	giving first order rate coefficients from 60 to 
430 s_ i . This is a more limited range of rates than was 
obtained for most other quenchers and is due to the fact 
that C 
2 D 4  absorbs strongly at 187 nm, and higher partial 
pressures yielded such low fluorescence intensities that 
the rate could not be determined. 
The results are shown in figure 5.1. 	The second 
order rate constant obtained is (3.9±0.2)x10 5 cm  




The fundamental vibration frequencies for C
2 H4
and 
91 	. C 2 D 4 
 are given in table 5.1. It is readily seen by 
inspection that there are many channels involving three 
vibration quanta in which 7600 cm 	can be transferred to 
C 2 H 4  in near resonant processes. 	However for C 2 D 4 
 it 
is necessary to involve four quanta. 	It therefore 
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Figure 5.1 	Plot of first order rate coefficients against 
partial pressure of C 2D4 . 
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Table 	5.1 Fundamental vibration frequencies (cm) 	for 
C 2 H 4  and C 2 D  4 (after Herzberg 9 ) 
Band Type Raman/IR C 2 H 4 C 2 
 D 4 
V 
1 a R 3019 2251 g 
V 
2 a R 1623 1515 g 
V 
3 
a R 1342 	, 981 g 
V 
4 a u - 825 580' 
V 
5 ig 
b R 3272 2304 
V 
6 b . R 1050 883 lg  
b 1 IR 949 720 
V 
8 2g 
b R 943 780 
V 
9 2u 
b IR 3106 2345 
V 
10 2u b IR 995 712 
V 
11 3u 
b IR 2990 2200 
V b rR 1444 1078 12 ' 3u  
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sections for C 
2 H 4 
 and C 
2 D 4 
 could be explained in the same 
way as for hydrogen and methane. 
• 	However this simple explanation would not give the 
good correlation between the rate constants and the 
ionisation potentials which' - is obtained for the h-alkenes 
but which is not continued for C2D4 . 	The cross sections. 
of all these alkenes can be discussed in terms of the 
following mechanism; 















= c * 
(5.3) 
All the h-alkenes have similar vibration energy levels 
and have three quanta transitions of ca 7600 cm 1 . 	Thus, 
for these molecules, processes 3 in equation 5.3 may be 
rapid and the rate constants are all very similar. 	The 
small differences in the rate constants, which correlate 
with the ionisation potentials can be discussed in terms 
of the rate constants for processes V and 2. 	For C2D4 
ever- 
processes 3 will be less - efficient due to the extra 
vibration quantum to be excited. . . 	. . . 
-. 	 . 	. 	. 	 An 
interest ing test of this mechanism would be a study of the 
quenching by other per-deuterated alkenes. 	It would be 
expected that the rate constants would all be smaller 
than for the corresponding h-alkene, but that the d-
alkenes would not show any correlation between rate 
constant and ionisation potential due to the fact that 
109. 
processes of type 3 will be rate determining. 
• 	
This discussion - shows that.the existence of a large 
isotope effect does not necessarily imply long range 
processes, but does suggest the importance of resonant 
energy transfer. 
5.3  THE QUENCHING OF I* BY SOME FLUOROMETHANES 
Introduction 
Having seen that the general framework of resonant 
energy .transfer processes could be applied to explain the 
rate constants for the quenching of 1* by deuterated 
methanes, the available data was examined in order to 
discover any other series of molecules whose rate 
constants may be explained in terms of the same theory. 
It was thought that the series CH4 , CHF 3 , CF4 should show 
similar trends to CH 40 CHD 3 , CD 4- 
Donovan and Husain102 determined the rate constant 
for the quenching of I* by CHF 3 aS 4.6x10 
14 
 cm. 3 molecule - ' 
s , and Husain and Wiesenfeld 	gave a value for-CF4 
-16 	3  
of 4.6x10 	cm molecule s • 	In terms of a simple 
calculation based on the number of vibration quanta to be 
excited, it was felt that the rate constant for Cl-IF 3 was 
• 	anomalously high, and it was re-evaluated. 
Experimental method and results 
The experiments were done using the resonance 
fluorescence technique and the data were transmitted to 
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the on-line computer and stored for subsequent analysis. 
The CHF 3 was supplied by Matheson and was thoroughly 
outgassed and distilled under vacuum before use. 	A mass 
spectral analysis of the sample used showed no significant 
impurities. 	The experiments were conducted at a total 
pressure of ca 3 kNm -2  and the partial pressure of CHF3 
was varied from 0 to 140 Nm' 2 . 
The results obtained are shown in figure: 5.2. 	The 







s , and the 
quenching cross section (6.0_+ 	-190.7)xlO 	cm. 	These 
values are ca 48% of the previous values of Donovan and 
Husain, and are preferred as many of the other earlier 
experiments have been shown to yield erroneously high rate 
constants, either due to impurities, side reactions, or 
the less precise data obtainable using plate photometry. 
Discussion 
The large difference in the quenching cross sections 
for CH 4-and CF  (aCH! °CF4 = 115) is consistent with any 
theory which emphasises resonant energy transfer. 	In 
table 5.2 the fundamental vibration frequencies for these 
90,104 molecules 	are shown and whereas for CH  there are 
two near resonant channels involving changes of only three 
vibration quanta, to achieve resonance for CF  the 
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Table 5.2 Fundamental vibration frequencies 	(cm -1 ) for 
CH 41 CHF 3 and CF  
Band Type CH49° CF4 104 Band Type CHF3 104 
V 1 a 1 2915 904 V 1 a 1 3062 
"2 
e 1534 437 V 2 a 1117 
V 3 f 3019 1265 V3 
: 
697 
V4 f 1306 630 V 4 ë 1376 
V 5 e 1160 
V6 e 508 
This result is in contrast to that for the quenching 
of Cs( 2P312 ) which has been studied by Walentynowicz et 
al. 
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They have measured the cross sections for spin-
orbit relaxation by the methanes (d 0 to d4 ) and CF 4* 
The energy of the excited atom (554 cm- I  ) is not suffi-
cient to excite a vibration in any methane, but it is 
sufficient to excite a vibration in CF 
40 
 although with 
non-negligible AET  and the cross section for CF  is three 
times greater than that for CH 4' 
Purely on grounds of a discussion based on the number 
of vibration quanta to be excited, it might be expected 
that the cross section for quenching of 1* by CF  would 
be even smaller than is in fact observed.; The CH 4 and 
CD  results in chapter 4 suggested that the excitation 
of an additional vibration quantum reduced the cross 
section by a factor of fifty. 	A discussion of that type, 
113 
however', takes no account of other differences between 
the molecules, and, for example, the observed intensity 
of the 9 3 band in the infra-red absorption spectrum of 
CF4 is twenty times greater than that of CH4 . 106 
As with the CH4 	CHD3 case, the small difference in 
the cross sections for CH  and Cl-IF 3 is difficult to 
discuss quantitatively. 	The fundamental vibration 
frequencies for CHF3 104 are included in table 5.2. 	(The 
numbering is that used by Herzberg forCHC1 390 .) 
The quenching by Cl-I4 has been discussed in terms of 
processes of the type; 
1* + CH4 (0000;9) - I + CH4 (0120;10) 	(4.10) 
For Cl-IF 3 the most nearly resonant three vibration quanta 
transition (2v 1 + v 4 ) has an energy of ca 7500 cm. 
Due to the low values of the rotation constants (B = 
0.345 cm 	107 a change in the rotation state of Aj = ±1 
would only reduce the energy mismatch by ca 30 cm- 1. 
There are several combinations of four quanta which could 
give good resonance, and it is possible that the 
transition matrix elements for the 0 -, 4 transition in 
CHF 3 will be of similar magnitude to the 0 -)3-transition 
matrix elements for CR4 . 	(The infrared spectrum of CHF 3 
is also much more intense than that of CH4.106) 	It may 
also be significant that CHF 3 , unlike all other molecules 
so far considered, has a considerable permanent dipole 
moment. 
The simplistic model based only on the number of 
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vibration quanta involved in near, resonant energy transfer 
suggested that the cross section for quenching of 1* by 
CFIF 3 in the literature was too large. 	This suggestion 
was supported by the new value determined here. 	However, 
the discussion has shown that the real position is much 
more complicated, and many other factors must be taken 
into account when predicting quenching crosssections. 
5.4 THE QUENCHING OF I* BY SOME CHI.JOROMETHANES 
Introduction 
In an attempt to extend further the range of 
processes which can be discussed in terms of near resonant 
energy transfer, the quenching of 1* by CHC1 3 , CDC1 3 and 





 CF4 and CC1 4 , and CH 
4' 
 CHD3 , CHF 3 and 
CHC1 3 would be revealed. 
In this section I am greatly indebted to C. Fotakis 
for carrying out the practical work. 
Experimental method and results 
These experiments were done using the time resolved 
resonance absorption technique described in section 2.3. 




 1 (80 : 1) was prepared and appropriate mixtures of 
this and the quenching gases were allowed to stand in 
bulbs for several hours to ensure. thorough mixing. 	The 
vacuum line servicing the absorption cell was constructed 
115 
using greaseless stop-cocks which was necessary when 
working with chloromethanes. Before doing the CDC1 3 
experiments, the vacuum line was deuterated with D 20. 
The y factor for the modified Beer-Lambert relation 
was found, in a similar manner to that described in 
section 3.2, to be 0.82±0.03 under the conditions used 
here. 	The first order rate coefficients for various 
pressures of mixtures with the quenchers were obtained 
and compared with the rate for the same pressure of the 
basic mixture, and the results for the experiments with 
CHC1 3 and CDC1 3 are shown in figures 5.3 and 5.4. 	In 
these cases the variation in the rate for the various 
pressures of the basic mixture could be neglected in 
comparison with the variation with the partial pressure of 
the quencher. 	The rate constants for quenching were 
calculated by a least squares fit of all the rates against 
the partial pressure of the quenching gas. 	After 
allowing for the correction from the modified Beer-Lambert 
relation, the values of the second order rate constants 
for the removal of 1* at room temperature were determined 
as 
x 10 kCHCl 	= (8.4 ± 1.0) 	-14 cm molecule -  
3 	 1 s 
 -1 
kcjjci 	= ( 3.9.t 0.5) x 10-14 
	3 
cm molecule
-1 s -1 
which are equivalent to cross sections of (2.6 ± 0.3) 
-18 	 0 	 + 	 - 18 xlO 	cm and (1.2 - 0.2)xlO 	cm respectively. 











Figure 5.3 	Plot of observed first order rate coefficients 
against partial pressure of CHC1 3 . 
100 	 200 	 300 



































perform. 	In a preliminary set of experiments a good 
correlation of rate coefficient with partial pressure of 
CC1 4 was not obtained. 	One cause of this may have been 
photolysis of the Cd 4 by the iodine resonance lamp. 
In the experiments whose results are plotted in figure 5.5 
care was taken to expose the reaction vessel to the iodine 
lamp for the minimum time possible prior to the flash. 
As can be seen there is still, considerable scatter' in the 
results, but 'the second order rate constant may be given, 
after allowing for y, as 
kcci 	= ( 1.5 ± 0.3) x 10- 13 cm 3 molecule- 1 s 
 -1 
4 
and thus the cross section is (7.1 ± 1.4)xlO 18 cm 2 
Discussion 
The results of these experiments do not provide 
evidence for the importance of long range forces in the 
quenching of 1* by CC1 4 . . The fundamental. vibration 
'frequencies for CC1 491 are given in table 5.3, and as the 
highest is790 cm- I 
Y a resonant energy transfer would 
involve the excitation of many vibrational quanta. 	The 
small cross section for quenching by C F 
4 
 has been 
attributed above to the effects of the low vibration 
frequencies,. and thus additional mechanisms must be 
postulated to explain the relatively high efficiency of 



















































































































































Table 5.3 	Fundamental vibration frequencies 	(cm 1 ) 	for 
CHC1 3 , CDC1 3 and CC1 4 (from reference 91) 
Band Type 	CC1 4 Band Type CHC1 3 CDC1 3 
V 1 a 1 	458 V 1 a 1 3033 2256 
V 2 e 	218 V 2 a 1 667 651 
775 v 3 a 1 364 366 
4 
305 2 V4 e 1205 908 
V 5 e 760 738 
V6 e 260 262 
The removal of 1* in this case may be due to an 
efficient quenching process, or else reactive channels 
may be important. 	The photolysis of CC1 4 by the 
resonance lamp has been postulated as a source of problems 
in obtaining a meaningful rate constant. 	It is possible, 
therefore, that photolysis of the quenching molecule by 
the flash occurred and that some Cd 3 , or other species, 
was formed and gave rise to M
3 
 I. 	A relatively stable 
compound, CH3 IF, has been observed in crossed molecular 
108  
beam studies 	, and here it is possible that the 
formation of long lived CC1 4I complexes may contribute to 
the large cross section for removal of 1*. 
The fundamental vibration frequencies for CHC1 3 and 
CDC1 3 are also given in table 5.3. 	Without precise 
information on the anharmonicities of the vibrations, it 
is not possible to calculate energy levels accurately for 
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transitions in near resonance with 1*. 	However for CHC1 3 , 
a Raman band at 5900 cm_ i has been identified as 2, 1 91 , 
and, this allows the following estimates to be made: 
+ 9 	+ V4 	7770 cm 	 (5.4) 
2v 1 + V 	 + V 	 7470 cm' 	 (5.5) 
For CDC1 31 
 assuming a similar anharmonicity for 1' 
3 ,J l + 	 7400 cm -1 
	
(5.6) 
Processes involving these transitions could not be 
considered near resonant, and to achieve low values of 
AE five vibration quanta would have to be excited in 
either molecule. 
If the cross sections for CHC1 3 and CDC1 3 are 
attributed principally to quenching processes., it may be 
noted that they are of a. similar magnitude t.o the 
quenching cross section for CH 4' 	This is perhaps 
surprising if an explanation of the quenching is evoked 
in terms of the E s V,R energy transfer scheme which has 
been used to discuss the values for the methanes and 
fluoromethanes. 	However the chloromethanes both give 
very intense infrared absorption spectra, and thus the 
transition dipole moments of even these high combination 
bands may be non-negligible. 	These molecules also have 
molecular radii in excess of that for the lighter 
methanes. 	The existence of a small isotope effect 
(a1/ °CHCl3 = 2.2) provides evidence for a small 
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contribution from resonant energy transfer processes since 
the difference in the masses, which would be important 
in E - T energy transfer, or in reactive processes, is 
less than one per cent. 
However, much of what has been written above with 
reference to removal of [* by CC1 4 may also apply to the 
chloroforms. 	Consequently the cross section obtained in 
our experiments for any of the chloromethanes can not 
be attributed to any particular mechanism of quenching 
or reaction without additional evidence. 	The rate 
constants can only be taken as upper limits on the 
quenching rate constants. 
5.5 THE QUENCHING OF I* BY PERFLUORO -ALKYL IODIDES 
The source of the iodine atoms in all the experiments 
reported in this work was either CF 3 I, C 
2 F 5 
 1 or i-C 3F7 1. 
These molecules are all very inefficient at quenching 
excited iodine atoms, and Husain and WiesenIeld 103 have 
obtained an upper limit for the rate constant for 
quenching by CF 3 I as < 3 . 5x 10 16 cm3 molecule s1. 
There are several additional problems in determining 
rate constants which are as small as those of the 
perfluoroalkyl iodides. 	Minute quantities of impurities 
could affect the result and diluent gases, if used, must 
be of the highest purity. 	To obtain a range of rate 
coefficients high pressures of the iodides must be used, 
and this can result in heating effects, or in problems 
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of optical density. 	An advantage of the resonance 
fluorescence technique is that,.with the low flash 
energies used, undiluted iodide can be used without danger 
of heating effects. 
The rate coristant for quenching by C 2 F 5 
 1 and i-C 3F7 1 
were obtained using time resolved resonance fluorescence. 
Care was taken to obtain the purest possible iodide 
(Pierce Chemical Co.) by repeated trap to trap vacuum 
distillation. 	The results of the experiments, in which 
the pressure of C 2 F 5 
 1 was varied from 0.5 to 2.7 kNm 2 
and of i-C 3F 7 1 from 0.03 to 1.4 kNm 2 , are shown in figure 
5.6. 	The rate constant obtained for C 2 F 5 
 1 from these 
+ 	-16 	3 	-1 results is (2.2 - 0.5)xlO 	cm molecule s
-1
, which is 
equivalent to a quenching cross section of (8 ± 2) 
x10 21 cm 2. 	The i-C 3F 7 1 results show the effect of 
diffusion at.pressures of less than 0.1 kNm 2 . 	The 
second order rate constant calculated from the results at 
+ 	-15 	3 	-1-1 higher pressures is (1.9 - 0.4)xlO 	cm molecule s 
and the cross section, (7.2 ± 1.5)xlO 
20 
 cm2 . 	These must 
also be considered as only upper limits as a concentration 
of one part in 10 5 of oxygen could account for these very 
low rates. 
These results are in line with those for CF 3I and 
CF  and demonstrate again that where there is no chemical 
interaction, the absence of easily accessible vibrational 
levels., which could accommodate the energy of the excited 
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Figure 5.6 	Plot of first order rate coefficients against 
• partialpressure of (a) C 
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The central theme running throughout the preceding 
discussions is the importance of electronic to vibration 
and rotation energy transfer in the quenching of 
electronically excited iodine atoms. 	Many of the 
observations for a series of similar-molecules have been 
rationalised on the basis of this model although there are 
exceptions where this treatment predicts too low a cross 
section. 	In this chapter an attempt is made to bring 
together the results of the preceding chapters and to 
discuss the results for all the atoms and molecules whose 
quenching cross sections have been reported. 
In figure 6.1, the iodine atom quenching cross 
sections for all the atoms and molecules listed in 
appendix 4 are plotted on a logarithmic scale. 	To 
simplify the diagram, the quenchers have been divided into 
four groups; (a) atoms, di- and tn-atomic molecules, 
(b) substituted methanes, (c) substituted alkyl molecules, 
and (d) substituted alkenes and alkynes. 	It is not 
implied that there is necessarily a characteristic 
quenching mechanism for each group, although the cross 
sections will be discussed below in these groups. 	The 
values for certain compounds have not been determined 
since their originalmeasurement from flash photolysis - 
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Figure 6.1 	Iodine atom quenching cross sections (Oq)• 
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be a factor of two low, the probable true values are also 
shown. 
The atoms and small molecules, group (a), have the 
most varied compositions and it is in this group that 
the greatest range of cross sections has been obtained. 
The quenching by the inert gases must be the result of 
electronic to translational energy transfer and the very 
small cross sections are to be expected. 	At the other 
extreme the quenching of r* by 02 has a very large cross 
section and is due to E -E energy transfer. 27 	The fact 
that both 02 and NO are paramagnetic has been suggested as 
an explanation of their relatively high efficiency as 
110102, quenchers of 1* 109,102,110 	analogy with the para- 
magnetic catalysis of ortho - para hydrogen conversion. 
However revised measurements of the cross sections do 
not yield the simple dependence on the squares of the 
magnetic moments, and this explanation can not apply. 19,72  
The efficiency of NO may be due to the formation of a 
transient N0I species. 19 
It .would be reasonable to postulate that for most of 
the other molecules, quenching involves rotation and 
vibration energy changes. 	In chapter three a discussion 
of quenching by H2 , HD and D 2 has been given, and the 
importance of E -> V,R resonant energy transfer for the 
quenching of 1* by H2 and HID, but not by D 2 , was 
emphasised. 	A similar approach has been applied by 
Donovan et al. 112  in a recent paper to account for the 
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quenching of 1* by H 2  0 and D 2 0 and by HBr and DBr. 
However these authors could not account for the HCl - Dcl 
and HI - DI results in the same way, and invoked a curve 
crossing mechanism to discuss these cross sections. 
(It should be noted that there is very little difference 
in the quenching cross sections for the hydrogen and 
deuterium substituted molecules in these cases.) 
The substituted methanes, group (b), have been 
discussed in chapters four and five, and, with the 
exception of Cd 4 , the measured cross sections agree 
reasonably well with the resonant energy transfer model. 
The chloroforms both have larger quenching cross sections 
than might be expected, but this has been rationalised 
in terms of additional, possibly reactive, channels. 
The large value for CH 3 I deserves some comment. 	The 
vibration frequencies of this molecule are not dissimilar 
to those of CH 
4j' 
 but the cross section is eight times 
larger. 	It has been suggested that reaction, to yield 
i 	 113 I2 is important for this molecule 	, but the low cross 
section ofCD 3 I precludes this. 114 ,25 
The range of higher substituted alkanes, group (c), 
whose iodine atom quenching cross sections have been 
determined is much more limited thanthat of the methanes. 
Apart from C 
2 F 5 
 1 and i-C 3F7 1, whose inefficiencies as 
quenchers can be attributed to their chemical inertness 
and low vibration energy levels, all the cross sections 
of these molecules are large and lie within one order of 
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magnitude. 	There appears therefore to be a positive 
correlation between the quenching cross section and the 
size of the molecule. 	The vibration frequencies of all 
these molecules are similar, and the observed increase 
in cross section with size may be due to the number of 
C-H vibrations which can contribute to resonant energy 
transfer channels. 	More simply, it may be due to the 
increase in the hard sphere cross section. 	This latter 
explanation could also account for the fact that the cross 
sections for the alkyl iodides are all slightly greater 
than those of the corresponding alkanes. 
The quenching by the alkenes, group (d), has been 
discussed in chapter five where the results were inter-
preted in terms of a mechanism involving a short range 
interaction and E -, V,R energy transfer in the complex 
formed with the alkene. 	However, the correlation of rate 
constant with ionisation potential which gave rise to 
the first part of this model may be fortuitous since there 
also appears to be a correlation of cross section with 
the size of the quenching molecules, as for the alkanes. 
Thus the efficiency of transfer of electronic energy 
to a collision partner can be discussed from a conside-
ration of the types of interactions involved and the 
channels available for dissipating the electronic energy. 
For all species there is the possibility of E -T energy 
transfer. 	However this is not an efficient process and 
contributes only a small amount to quenching cross 
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sections. 	Where it is the only mechanism the cross 
sections are very small; e.g. .aHe, 
0Xe' 
 Cy 
If the quencher is a molecule then the electronic 
energy can also be transferred into the internal modes of 
the molecules and the existence of non-resonant E ->V'  
energy transfer channels can result in slightly larger 
cross sections; e.g. C 	, a, a 	. 	However, it 
is not until there are near resonant channels involving 
small changes in vibration and rotation state that there 
is a significant increase in the quenching cross section; 
e.g. CHCCH . 	There is much evidence for the 
2 	4 
importance of near resonant E -> V,Renergy transfer, 
although the mechanism of the transfer is less well 
understood. 	It has been shown that in some cases long 
range multipolar interaction may be important, although 
information on the range of applicability of this must 
await more detailed experimental evidence or better 
calculations. 
The existence of strong chemical interaction leading 
to complex formation, reaction or electronic energy 
transfer results in even greater quenching cross sections; 
e.g. a1 , a0 
4 	2 	2 
It is hoped that direct evidence for the modes of 
energy transfer important in specific cases will become 
available in the future and will clarify the discussion 
given here which is largely based on indirect evidence 





The source and purification of the quenching gases 
used are described in the appropriate chapters. 	The 
other materials used in the experiments can be divided 
into three groups; source compounds for 1*, diluent 
gases, and materials for filling the lamps. 
The source of 1* was the photolysis of CF 3 I, C 2 F 5 
 1 
or i-C 3F7 1. 	
There was little difference in the use of 
these, and the compound used depended, in general, upon 
availability. 	All were supplied by the Pierce Chemical 
Co. and were purified by repeated vacuum distillation. 
The criterion for purity was a sufficiently slow decay of 
1* in a flash photolysis resonance fluorescence experiment 
on ca 300 Nm 2 sample. 	Where possible the iodide was 
recovered after use and purified to remove any iodine or 
perf luoroalkanes formed. 
The purposes of using the diluent gases were to 
reduce the effect of diffusion on the removal of 1*, and 
to facilitate the handling and measurement, of pressures 
of reactants. 	If possible the presence of the diluent 
gas should not increase the rate of removal of the 1* and 
this was the criterion of purity used. 	The gases used 
were oxygen-free nitrogen, helium and X-grade helium, 
all supplied by B.O.C. in high pressure cylinders. 
The krypton used for filling' the flash lamps was 
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B.O.C. X-grade, supplied in a one litre "break-seal" bulb. 
The iodine for the resonance lamps was Analar grade and 
was vacuum distilled and sublimed. 	The presence of some 
H 2  0 was detected in the output from some of the lamps, 
but did not affect the iodine emission spectrum. 
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APPENDIX 2 
COMPUTER PROGRAMS ,  
A.2.1 Introduction 
The use of computers played an important part in 
the work reported in this thesis, and in this appendix 
the most important programs are described. 
The computers used included the IBM 370/158 and 
ICL 4/75 computers of the Edinburgh Regional Computer 
Centre (ERCC) and the PDP 11/20 of the Edinburgh University 
Chemistry Department. 	The IBM machine had the most 
powerful input/output devices, including magnetic tape 
readers, graph plotter and intercomputer communications 
network. 	The sophisticated interactive Edinburgh Multi 
Access System (EMAS), run on the ICL 4/75 was used for the 
majority of the programming tasks. 	The PDP 11/20 was 
used for on-line collection and processing of data from 
experiments in the later stages of the work. 
The programming language IMP proved most useful, 
particularly for EMAS and the PDP 11/20, although FORTRAN 
was also used. 
A.2'.2 Programs to handle and process data from the 
Freescan Digitiser 
The importance of the use of the Ferranti Freescan 
Digitiser in measuring the traces produced in time 
resolved resonance fluorescence and absorption experiments 
is discussed in chapter 2. 	In this section details are 
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given of the method of use, and of the 'programs involved. 
The digitiser consists of a table on which the 
position of a cursor can be determined electronically to 
± 0.3 mm and expressed as a pair of coordinates relative 
to a predetermined origin; controls on the positions to 
be output; a keyboard for outputting other data; a 
teletype and magnetic tape recorder for the output; and 
the necessary control systems. 
To process a trace from a fluorescence experiment, 
e.g. figure A.1, it was fixed on the table' and two points 
(Gi and G2) were recorded to give the orientation of the 
trace with reference to the table's axis, and the length 
which represented the full time scale. 	Thenext points 
recorded were the positions where t = 0 (TO) and where 
If = 0 (10). 	The fluorescence signal was then traced 
with the cursor and its position recorded 50 to 200 times 
over the interval A - B. 	This was chosen such that after 
A the effect of the photolysis flash was negligible, and 
beyond B the signal was indistinguishable from the noise. 
The x and r coordinates of all these points were recorded 
on magnetic tape, preceded by an-indexing number and 
followed by an alphabetic character to signify the end 
of, the data from that trace. 
The tape was read on the IBM 370/158 - and transmitted 
to the ICL 4/75, which did not have a tape reader itself, 
using the ERCC packages and communications network. 	A 
































had not been corrupted due to digitiser, tape or 
communications malfunctions. 	The program also counted 
the - number of the control alphabetics for comparison with 
the. expected number. 
The processing on EMAS was achieved in two distinct 
stages. 	In the first, using the program DIGIT (prog 2), 
the data were transformed, with allowance for rotation 
of the trace to become parallel to the coordinate system, 
into 'a table of times and fluorescence intensities. 
The times were normalised such that the full-scale time 
range was ten units, and were converted to absolute 
values in the next stage. 	The table, with the indexing 
number and the number of points, was output into an 
intermediate file. 	There was a corresponding method 
and program to obtain data from traces from absorption 
experiments. 
The second stage, using the digitiser data processing 
program, DIGPROC (prog 3), took as input this file 
together with data, from the teletype or another file, 
on the time scale, the type of experiment, and the type 
of calculation to be performed. 	If a first order rate 
coefficient was required (the normal case), a least 
squares fit of an exponential decay for the intensity/time 
data was computed. 	This was achieved, using the sub- 
routine LMSWT (prog 4), by a linear fit of log (fluores-
cence intensity) and time where the points were weighted 
by the inverse of the intensity, thus giving all 
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points in the exponential fit equal weighting. 	The 
gradient of the straight line, which was equal to -k, and 
the error (one standard deviation) were printed on the 
output. 	If required, a graph of log(intensity) against 
time and the calculated fit was produced on the graph 
plotter by running the subroutine DIGRAF (not listed here), 
e.g. figure A.2. 	These graphs revealed any :data which 
produced gross errors in the results, or any experiment 
which did not yield good first order kinetics. 
A.2.3 Programs to handle and process data on the PDP 11 
The use of the PDP 11, in the early stages, was 
principally to remove the necessity of the time-consuming 
measurement of the system described above. 	The data 
was transmitted to the computer from the transient 
recorder and stored on the magnetic discs of the computer. 
The program to control this section was written by 
Dr J.C. Read who also advised in all the programming for 
this computer. 	The data was stored as a sequential file 
in a series of 'blocks', each containing 1024 integers . 
(0 < n 	255), and at the same time a number, from the 
thumbwheels on the transient recorder, was printed on the 
teletype connected to the computer. 
A number of programs were written to'manipulate and 
process the stored data and these are described below. 
After a series of experiments had been completed, the data 
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data could be sent toEMAS using the communications 
network which could be accessed from the PDP 11. 	On EMAS 
it was possible to store the data more permanently and 
also to produce graphs of the data and calculated fits on 
the line printer or graph plotter. 	In the later stages 
of the work the collection and processing programs were 
integrated in a program which could run in a.time-sharing 
mode concurrently with the other experiments using the 
PDP 11. 	This program enabled the results for each 
experiment to be calculated immediately and the result 
displayed on a teletype in the laboratory. 
The programs used in the earlier stage were as 
follows. 	The program LIST (prog 5) enabled the data 
stored on the disc to be listed on an output device or 
into a new file for subsequent transmission to EMAS. 
The communications network could not handle sequential 
files. 
The programs EDIQ (prog 6) and SKIPSQ (prog 7) were 
used to copy all or part of one sequential file to another. 
EDITSQ was.more convenient if the majority of the file 
was to be copied; SKIPSQ if only a small part was 
required. 
The data for any series of experiments were often 
collected in small sect ions. 	It was convenient .to be 
able to concatenate the small files into a file containing 
a whole day's results. 	The program CCSQ (prog 8) joined 
two sequential files to produce a third, larger file. 
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If a set of experiments could be done in which the 
conditions were identical, then by averaging the signal 
at all time intervals a smoother trace could be obtained 
due to the averaging of random fluctuations. This was 
achieved by using the program AVER (prog 9). 
The program used to obtain rate coefficients, PROC 
(prog 10), was in many ways similar to DIGPROC (prog 3). 
The data input from the teletype was designed to give 
flexibility in use and did not require to be in any given 
order. 	The calculations were mainly performed using 
integers in order to reduce the run time and storage 
requirements. 	Calculations using real numbers on EMAS 
showed that the use of integers did not result in any loss 
of precision. 
A.2.4 Linear Least Mean Square Fitting Program 
The linear least mean square routine LMSWT (prog 4) 
which was a central part-of DIGPROC was also used in a 
program to compute linear fits to any set of data. 	The 
program, LMS FROG (prog 11), was written to use the 
interactive facilities of EMAS and was accessed by the 
EMAS 'command', LMS PROGRAM. 	The principal use of the 
program was in the calculation of the second order rate 
constants from rate coefficient and partial pressure data. 
A sample run is reproduced here after the program. 	The 
input from the teletype is underlined. 
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A.2.5 Other programs 
The program H2 (prog 12) was used to calculate the 
rotation state distributions and the ortho - para ratios 
for hydrogen equilibrated over a range of temperatures 
and then used at a different temperature. 
The program ROTSPH (prog 13) was used to calculate 
the approximate rotation energy levels and L.J = ±1, 
±2 and ±3 transition energies listed in tables 4.5, 4.6 
and 4.7 for the substituted methanes. 
The routine RIDS (prog 14) was written as no routine 
was available in the IMP language which could read 
alphanumeric strings not included within quote marks. 
This routine was used in many of the interactive programs 
written for EMAS. 	 - 
Many -other programs were written during the course 
of the work reported here. 	These included programs to 
calculate rotation and vibration energy levels, programs 
to produce other graphical output, other programs for 
manipulating the data from the transient recorder, 
programs for manipulating data on EMAS and programs which 
attempted to predict the outcome .of .experiments from 
known and estimated rate constants. 
PROGR 	C H C C K 
.. 
I RE GJ N 
ICOMMENT 	THIS PROGRAM CHECKS A DATA FILE FOR ILLEGAL 
ICOMMENT CHARACTERS. CERTAIN LETTERS ARE PERMITTED AND 
ZCOMMENT 	THEIR OCCURENCE IS COUNTED. THE LAST CHARACTER 
2COMMENT IN A FILE IS ALWAYS ILLEGAL AND SHOULD BE IGNORED.. 
ZOWNINTEGER I,NA,NC,NS,NF,N,NNL,NCL,NE 




NCL:NCL , 1 
hF (1):48 RAND 1(51)ZOR 1:43 ROR 1:45 bR 1:46 XOR 1:32 ZTHEN -)NEXT 
RIF I:NL XTHEN NNL:NNL.l RAND NCL:O RAND ->NEXT 
hF 1:70 ITHEN NF:NF.1 RAND ->NEXT 
RIP I6 ITHEN N*i:NA.I RAND -)NEXT 
RIP 1:67 XTHEN NC:NC.l RAND —>NEXT 
RIP 1:83 XTHEN NS:NS.l RAND ->N(XT 
NE:NE,l 
RIF NE>20 RTHEN -)NEXT 
ZIF NE:1 XTHEN PRINT STRING (' 
CHAR 	LINE 	CHAR 	ISO 	SYMBOL 
iRITE (N, 6) '-I 
RITC(NNL96) 
WRIT C ( N CL,6) 
WRITE (1,6) 
SPACES(S) 
PR INTCH C I) 
NEWL INC 
->NCXT 
LAST:PRINT STRING. ('NO OF CHAR =')WRITC(N,l) 
NE WL INC 
PRINT STRING ('NO OF LINES:')WRXTE(NNL,l) 
NEWL INC 
PRINT STRING ('NO OF F :')WRITE(NF,j) 
NE IlL I NC 
PRINT STRING ('NO OF A 	')WRITE(NA,l) 
NEWLINE 	. 	. 
PRINT STRING ('NO OF C  
NEWLINC 
PRINT STRING ('NO OF S :')WRIT((NS,l) 
NEWLINC 	 . . 	. 
PRINT STRING ('NO OF ILLEGAL CHARS :')WR!TC(NC,l) 
NCWLINCS(3) 
ISTOP 
RE ND OFPR 0 68 AM 
a a. a **a..a....a.ea...a..e*...a.* 
PROG2 	0 1 6 1 T 
•0 
8PEGIN 
ZCOwENT 	THIS PROGRAM PERFORMS THE FIRST PART 
XCOMElT OF THE PROCESSING OF DATA FROM THE DIGITISER. 
C3ENT 	IT COME(1S THE COORDINATES TO VALUES OF 
ICOENT TIMES AND FLUORESCENCE INTENSITIES. 
TRE(.ARRAY X( 1:1000),y(1:I000) 
IqEAL EXPTN09Gj1 .GT1,6X2,6Y2,TOX,T0Y,COX.COY,TOCOX,TOCOY 
IITEGCR J.N 
SELECT INPUT (10) 
IFAULT 14 ->20 
FAULT 18 ->21 
iC:S(L.ECT OUTPUT (21) 
READEXPTNO> 
RE AD(GXI) RE AD( 6!)) 









S :5  1 N ( THET A) 
C:COE (THETA) 
• (GYI-GY2)'.2))F1o. 
TO k: I Ox -GA I 




I 0C3 : ( -CO I. S.00y •C) 
xCYCLE J:j,)( 













NE L I NE 
WRITE ( N,5) 







NE WLINE SC 2) 
REND 
->10 
20:RCAD SYMBOL (N) 
22:RIF N='A' ZIHEN ->10 
AIF N='S' XTHER RSTOP 
ZIP N='P' ZTHEN —>2 
ZIP N='C' ATHEN ISTART 
READ(N) 












EXPERIMENT NO. ' 
PRINT C CXPT NO, 2,2 
XPRINTICXT' 
­ SUBSTITUTE CHARACTER IN DATA *• 
23READ SYMBOL(N) 
ZIP N='A' ZOR N='F' ZOR N='S' XTHCN )22 
->23 
AC ND OF PR 0 GR A N 
a...... 
!2.a 
.. .. . ...... .n. s... 
XSEGPI 
ICOMMNT 	THIS PROGRAM PERFORMS THE SECOND PART 
tCOME'dT OF THE PROCESSING OF DATA FROM THE DIGITISER. 
tC.'E'1 	FROM A TABLE OF TIMES AND FLUORESCENCE INTENSITIES 
tCDMMEj OR TRANSMITTED INTENSITIES* IT CALCULATES A FIRST 
ZCOMMET 	ORDER RATE COEFFICIENT. 
ORCAISLONS 
ZE*TENALROUT1NESPEC OPEN PLOTTER (ZINTEGER I) 
tCATt.'.ALROUTI.(SPCC PLOT STRING(XSTRING(255) SO 
XETTENALROuTI(SPEC CLOSE PLOTTER 




E*T((NALRQUTIN(SPLC UIGRAFC(XREAL E,INTEGER N,XC 
XEAL4RATNA4C T.C,CC, REAL GRAO.TINT) 
ZSEALASAY TIM(,T3,CONC(0 :1000) ,CALCONC(Q:0000) 
ZDINTCALARRAY INT(O :1000) :Q (1001) 
TObEALATRAT WT (0: 1000):1. (1001) 
0AL EXPTNO. IO.T1 .T2.T ,T5,T INT 
INTEGER I9J.Pc,L,N.ORDER,N1 .NF,NDAT,NPRINT,NGRAF 
2(xTES4ALROUY1uE5PEC LMSWT (ILONGREALARRAYNAME X.Y,V, IC 
SINTEGER N1.NF9 XLONGREALNAME A,B,DEVA,DCVB) 
tEXTERNALROUT INESPEC PROMPT(XSTRING(16)S) 
OFOuLT 9 —>300 
SELECT 	INPUT (11) 
SELECT OUTPUT (22) 
CE'.PLOTTER(30) 
PLOT STRING('R H STRAIN CHEMISTRY') 
NEW P AGE  
P0'P10&RApH CODE:') 
RE AD ( NIX AF) 
PM?T('INT:1 OR CoNc:2 0 ) 
RE*3CNDAT) 












I IRE ( I) :1 XNT.T3( I) 
AREPEAT 







EXPERIMENT NUMBER ' 
PRINT((XPTNO9292) 
NEWLINE 
ZIF NDAT:1 hAND OROER:1 XYHEM XPRINTTEXT' 
T 	I 	CONC 	L06(CONC) 
ZIF NDAT:1 hAND ORDER2 XTHEN XPRINTT(XT' 
I 	I 	CONC 	1/CONC 
XF NOAT:2 XAND ORDER:1 ZYHEN 




PROMPT('NO OF PYS:') 
READ( J) 






XIF NOAT2 SAND ORDER2 hYMEN XPRINTTEXT' 
I 	CONC 	1/CONIC 
?4(WLINC 
1:1 
10:1IF !NT(I)<O ATHEN ZSTART 
PR I NT TEXT 




Pt TNT (T IRECI) .2 .5) 
SPACES(2) 









hF O(OER1 hYMEN —>205 




PR IN TFL ( 14 ,3) 
206: NCL INC 
)24 hIF ORDER:l 
->25 hF ORER:2 
24:13(1)=T4 









104: hIT NF-NI(2 hYMEN ZSTART 
hPRINTT(XT' 








hIT NGRAF:1 hYMEN DZGRAF(CXPTNO,X,T!ME9T3.T19T29Y!N'V) 
ZF NRAF:2 ZTH(N DIGRAFC((XPTNO,K,TIMC,CONC,CALCONC,T1,TINT) 
SELECT OUTPUT (23) 
NtLI0S(2) 
2'Tt4T'(*BERIMT NO. 
PR V. HE *P INO, 2,2) 
NE.L I NE 
ROT 0R3ER:1 hYMEN RPRINTTEXT' 
FOR FIRST ORDER CALCULATION' 
ROT ORDER:2 hYMEN RPRINTIEXI' 








PRINT FL (12,4) 
RPRINTTEXT' 'OR-
PR IN IFL ( 15,4 
NEWLINES(2) 
SELECT OUTPUT (22) 
hIT ORDER:1 XTHCN %PRXNTTEXY' 
FOR FIRST ORDER CALCULATION —. 
hIT ORDER:2 hYMEN XPR!NTTEXT' 
FOR SECOND ORDER CALCULATION' 
NE IL INC 
XPRINTTEXT'GRADIENT 
PRINTFL(T1.4) 
ZPRINTTEXT' 'OR- ' 
PRINTFL(T4,3) 
NE WI INC 
RPRINTTEXT'INTERCEPT ic 
PRINTFL(12,4) 
XPRINTTLXT' 'OR -. 
PR IN TFL ( 15 ,3) 
NE WI INES(2) 
XPRINTTEXT' 
NEWLINE 
101:PROMPT('STOP(0): 9 ) 
READ(L) 
ROT 1:0 XTHEN —>300 
hIT L1 hYMEN ->100 
hIT L:2 hYMEN ->102 
hIT 1:3 hYMEN —>103 
->100 















tEXTLRNALRDUTINI LwSWT (XLONGRCALARRAYNAME X.Y,W. AC 
tIMT(GCR NI,NF, ALONGREALNAME.A.B.DEVA.OEVB) 
ACQMM(NT 	THIS ROUTINE PERFORMS A WEIGHTED 
ICOMMEWT LINEAR LEAST MEAN SQUARE FIT. 
A!%TEGER leN 
Al. SIGWX,SIGIJY,SIGWX2,SIGUY2,SIGWXY,SIGWDD,S!GW 










SlGW :51GW •W(T) 
SIGi.X :SIGWR •M(I)•X(I) 
S15.Y :SIGWY •W(l)'Y(I) 
SlGX:SIGWX2.W(I ).X(I)'X(!) 
SlGY2:SIGWY2.W(I)bY(I)'YRI) 
SlGwXY:SIG WXY.W( I) .RC!) 	I) 
DEN: SIGhI.SIGWX2 — SIGIIX.SIGWX 
A :(5IGd.SIC.Xy — SIGWX.SIGlY)/OEN 
5 :(SIGjy.5lC.WX2-SIGWX.SIGWXY)/DEN 
ACYCLE I:N1,19NF 









ACOMMENT 	THIS PROGRAM TRANSLATES THE DATA FROM 
ACOMMENT FROM A SEQUENTIAL FILE, AS ON THE POP!! 
ZCOMMCNT 	DISK, TO THE NORMAL REPRESENTATIONeISO. FOR 
ACOMMENT LISTING ON A TELETYPE OR PAPER PUNCH, OR 





XPRINTTCXT'NO OF BLOCKS' 
NEWLINE 
READ(N) 
hF N=O ATHENSTOP 
!PRINTT(XT'NI,INT,NF' 
NEWI I NE 
READ(NI) 
RE AD ( TNT) 
READ (NF) 





RE ADS (1 ( 1, AC 1) ,A( 1024)) 




COUNT:COUNT , 1 
AIF COUNTAK ATHEN ->2 
NE WL INC 
COUNT:0 









a C C. i.e eec eie**ee* e e.•e i.**eeae* •*•*S b** * ** *S*****C* * * e C C C C * •4••S eee•* 
..........*•S****•••••••••••••••••••"•"•""' ." 
PRDG6 	EDITSO 
.. . . . ...•. ... ... .. . 
BEGIN 
ICOR"(NT 	THIS PROGRAM COPIES ONE S SEQUENTIAL FILE TO ANOTHER 
1COMMEIT EXCEPT FOR THOSE BLOCKS SPECIFIED. 
XI.TEC.(RARRAY DATA(I:1024) 
II.TEGtR&RRAY NO(1U00) 
t.TEGC'( NSI(IP,NULR,I ,J 
ODC\S(') 
IP(INTTCXT'NO OF BLOCKS' 
NL INE  
RE.L INC 
ZP1P.TTCXT'NO TO BE SKIPPED' 
.s t. I NE 
hF NSRIP:0 ITHLP4 ->1 






hF .SrdP:0 hYMEN ->2 
ICYCLE I:191,NSKIP 
hF ,J:NO(I) hYMEN ->3 
11t?C &T 




NC &L INC 





XCOMMENT 	THIS PROGRAM COPIES ALL. OR ONLY THOSE BLOCKS SPECIFIED, 
ICOMMENT OF ONE SEQUENTIAL FILE TO ANOTHER. 
ZINTEGERARRAY IN( 1:1024),COPY(1:50) 
XINTCGCR NBLK,NCOPY,I,J 
OPENSQ( 1) OPENSQ (2). 
RE AD ( NOLK) RC AO( N COPY 
hF NCOPY:0 XTHENSIART 
%PRTNTTEXT'NO BLAS COPIED'U4EWLINE 
CLOSESO (1) *CLOSCSQ(2) 
ISIOP 
IF IN ISH 
ZIF NCOPY:NBLK XTHENSTART 
ICYCLE I:I919NBLK 
READSUC 1,IN(1),IN( 1024)) 
VRIT(SQ (2,IN( 1) ,IN(1024)) 









hF II$COPY(J) ITHEN ->1 
VRIIQ(29IN(1)9IN(i024)) 
1:IREPCAT 






•••• • .......... 	 . 	 . 	 ........ 
	
.............. 









LPRIT1CXTNO OF BLOCKS FROM 2 9 INEVLIN(RCAO(N2) 
ICY CLC I:I,1,N2 
READS 	(2,IN 1024)) 
ITESO(3,IN(1),IN(1O24)). 
(PC AT 
*PRItT(XT'NO OF BLOCKS TO 3 Is';WRIT(CN,i);NLVLINE 
hO OF KO GRA K 
PROG9 	AVER 
XBEGIN 
XCUMMENT 	THIS PROGRAM AVERAGES TOGETHER A NUMBER OF 




OPEN GO (1) 
OPEN SO ( 2) 
KPRINTTEXT'NO TO BE AVERAGED TOGETHER' 
NEWLINE 
IREAD(NAV) 
->2 hF NAVO 
KIF NAV(O ZIHENSTART 













KR C PC AT 
K REPEAT,  
ZCYCLC J:1.1,1024 
OUT(J):OUT(I)//NAV 
AR (P C AT 
WRITESQ(29OUT(I) ,OUT(1024)) 
->1 
2 : CL U SE SOC 1) 
CLOSESQ(2) 
ASTOP 
A I NOOF PR OGRAM 
o 
P40020 	P 4 0 C 
.... ..........................e..,...*.*.......*...........****.*...*..* 
8 PEG IN 
ICOMMENT 	THIS PROGRAM CALCULATES FIRST ORDER RATE COEFFICIENTS 
XC3'MNT ON THE POPU, FROM DATA PREVIOUSLY STORED ON DISK. 
XERT(RNALREALFNSPEC LOG(XRCAL K) 
itXALREALFSPEC EXPCXRCAL Xl 
IREALFNSPCC SQRTCYREAL K) 
XE.TLRNALROUTI SPEC PRINT(XR(AL X, KINTEGER N.M) 
IROUTINESPEC CONTROL (RINTEGER CHAN) 
IRIUTINESPEC FROM DL (ZINTEGERARRAYNAMC C.XINTEGERNAME CHAN) 
IQOUTINESPEC PROC DAT (ZINTEGERARRAYNAME C.XINTEGER CHANTO) 
XROuTINESPEC DETTINT (ZINTEGIR CHAN. IREALNAME TINT) 
IR3UTLNESPEC DETCO(XINTEGERNAME COT,C019CO291REALNAM( DEVT,DEVI90EV29 XC 
XINTEG(RARRAYNAME C) 
XROUIIN(SPEC AVERAGE (ZINTEGERARRAYNAME IN, ZINTEGER NI,NF, IC 
NTEGERTROME MEAN, IREALNAME DCV) 








8CC"C4T 	THE SUBSEQUENT ACTION OF THE PROGRAM IS CONTROLLED 
ZCOMLNT BY THE VALUE OF 'CHAN', A THREE DIGIT INTEGER 
tCCME.T 	INPUT FROM THE TELETYPE. 
hF CHAN)900 ITHEN CONTROL(CHAN) 
ZIF CHAN(900 RAND CHAN):800 ITHEN (XPTNO:CHAN-800 
hF C4AN(800 RAND CHA4):700 ITHEN D[TTINT(CHAN,TINT) 
ZIF CHA#(700 RAND CHAN>:600 XTHEN DEl C0(COT,C019CO29OEVT,DCVI,0EV29C) 
ZIF CHAN <610 ZTH(N PAOC OAT (C,CHAN) 
-)STAU 
ZROUTIN( LMSVT (XINT(G(RARRAYNAMC C, XC 
RINTEGER NI.NF, XR(ALNAME A,B,ALPHAA,ALPHAB) 
XCOMMENT 	THIS VERSION OF THE ROUTINE LMSWT (LEAST MEAN SQUARES 
ZCO'MENT FITTING WITH PROVISION FOR WEIGHTING) HAS BEEN MODIFIED 
RCOWMENT 	TO USE LESS SPACE IN THE COMPUTER. TO IMPROVE THE 
XECYMENT EFFICIENCY, THE LOGS ARE OBTAINED FROM A TABLE AND NOT 




106NR(ALARRAY OWNLOG(U512) 	 XC 
0.0000, 0.69119 1.09869 8.38639 1.60949 1.79189 1.94599 2.07949 
2.1972, 2.3026, 2.39199 2.48499 2.5649, 2.63919 2.70809 2.17269 
2.08329 2.89049 2.94449 2.99579 3.04459 3609109 3.13559 3.17819 
3.21849 3.25819 3.29589 3.33229 3.36739 3.40129 3.43409 3.46579 
3.49.5, 3.52649 3.55539 3.58359 3.61099 3.63169 3.66369 3.68899 
3.71369 3.7377. 306121, 3.78429 3.8067. 3.82869 3.85019 3.87129 
3.8918, 3.91209 3.93189 3.95129 3.97039 3.98909 4.00730 4.02549 
4.0431, 4.06049 4.0775. 4.0943, 4.1109, 4.1271. 4.14319 4.1589. 
4.1744. 4.18979 4.2047. 4.2195, 4.2341, 4.2485. 4.26279 4.2767, 
4.2905, 4.30419 4.3175. 4.33079 4.34389 4.35679 4.36949 4.38209 
4.3944. 4.40679 4.4188, 4.43089 4.4427, 4.45439 4.46599 4.47139 
4.48869 4.49989 4.51099 4.52189 4.53269 4.54339 4.55399 4.56439 
4.57479 4.52509 4.59519 4.60529 4.61519 4.62509 4.63479 4.64449 
4.65400 4.6634. 4.67289 4.6821, 4.6913, 4.70059 4.70959 4.71659 
4.72749 4.73629 4.74499 4.75369 4.76229 4.77079 4.77919 4.11759 
4.19589 4.80409 4.8122, 4062039 4.82839 4.8363, 4.64429 4.85209 
4.8598. 4.86159 4.8752, 4.8828, 4.89039 4.6978, 4.90539 4.91279 
4.92009 4.9273, 4.93459 4.94169 4.94881 4.95589 4.96289 4.998. 
4.91679 4.98369 4.9904, 4.9972, 5.00399 5.01069 5.01739 5.02399 
5.03049 5.03709 5.04349 5.04999 5.05629 5.06269 5.06299 5.0752. 
5.08149 5.08769 5.09319 5.0999, 5.10599 5.11209 5.11601 5.12489 
5.12999 5.23589 5.14119 5.14759 5.15339 5.15919 5.16489 5.17059 
5.1761, 5.18189 5.18749 5.19309 5.19659 5.20409 5.20959 5.21499 
5.22049 5.2257, 5.23119 5.23649 5.24179 5.24709 5.25239 5.25759 
5.26279 5.26199 5.27309 5.27819 5.2832. 5.26839 5.79339 5.2983, 
5.30339 5.30839 5.31329 5.31819 5.32309 5.32799 5.3121, 5.3375, 
5.3423, 5.38719 5.35199 5.35669 5.36139 5.36004 5.3706, 5.37539 
5.37999 5.3845, 5.38919 5.19369 5.39829.5.4027v 5.40729 5.4116, 
5.42619 5.42059 5.42499 5.42939 5.43379 5.43819 5.44249 5.4467, 
5.45109 5.45539 5.45969 5.46389 5.46819 5.41239 5.47659 5.48069 
5.48989 5.48899 5.49319 5.49729 5.50139 5.50539 5.50949 5.5134, 
5.51759 5.52159 5.52559 5.52949 5.53349 5.53739 5.54139 5.5452, 
5.54919 5.55309 5.5568. 5.5607. 5.56459 5.5683. 5.57229 5.57599 
5.57979 5.58359 5.58729 5.5910. 5.59479 5.59249 5.6021, 5.60569 
5.60959 5.6131, 5.61689 5.62049 5.62409 5.6276. 5.63129 5.6348, 
5.6384, 5.64199 5.64549 5.64909 5.65Z5. 5.65609 5.6595. 5.66309 
5.6664, 5.6699, 5.67339 5.6768, 5.6802, 5.6836. 5.68709 5.6049 
5.69379 5.69719 5.70049 5.7038, 5.10719 5.11049 5.11379 5.7170, 
5.72039 5.72369 5.72689 5.73019 5.73339 5.13669 5.73989 5.74309 
5.74629 5.14949 5.75269 5.15579 5.75899 5.76219 5.76529 5.76819 
5.77149 5.77469 5.77779 5.78079 5.78389 5.18699 5.79009 5.79309 
5.79619 5.79919 5.80219 5.8051, 5.8081, 5.8110, 5.61419 5.6171. 
5.82019 5.62 90, 5.8260. 5.82899 5.8319, 5.83489 '-H 5779 5.8406, 
5.84359 5.84649 5.89939 5.6522, 5.65519 5.8579. 5.6608, 5.66169 
5.86659 5.8693. 5.87219 5.87499 5.87779 5.8805, 5.8833, 5.82619 
5.88899 5.8916, 5.8944, 5.89729 5.8999. 5.9026. 5.9054. 5.9081. 
5.91089 5.91359 5.91629 5.91899 5.92269 5.92439 5.92699 5.92969 
5.93229 5.93499 5.93759 5.94029 5.94289 5.94549 5.94809 5.93060 
5.95329 5.95569 5.9584, 5.96109 5.96369 5.96619 5.96819 5.97139 
5.97389 5.97649 5.97699 5.98149 5.98399 5.96659 5.96909 5.99150 
5.99409 5.99659 5.99899 6.0014, 6.0039, 6.00649 6.0028. 6.6113, 
6.0137, 6.01629 6.02669 6.0210, 6.02349 6.02599 6.0263, 6.6!079 
6.0331 • 6.03539 6.03199 6.09039 6.04269 6.04509 6.04749 6.04979 
6.05219 6.05449 6.05689 6.05919 6.06159 6.06389 6.06619 6.0684. 
6.07079 6.07309 6.07539 6.07769 6.07999 6.08229 6.08459 6.0268, 
6.08909 6.09139 6.09369 6.09589 6.09819 6.10039 6.1026, 6.1042, 
6.10709 6.10929 6.11159 6.11379 6.11599 6.11819 6.12039 6.12259 
6.12479 6.12699 6.12909 6.1312, 6.13349 6.0356. 6.13179 6.1399, 
6.14209 6.14429 6.14639 6.1485, 6.1506, 6.1527, 6.15499 6.1510. 
6.15919 6.16129 6.16319 6.1654, 6.16159 6.16969 6.21179 6.1738. 
6.17599 6.17799 6.18009 6.1821, 6.1841. 6.18629 6.18639 6.19039 
6.19249 6.19449 6.19649 6.19850 6.2005, 6.20259 6.20469 6.20669 
6.0869 6.21069 6.21269 6.21469 6.21669 6.21869 6.22069 6.22269 











SIGA :51GW •W 
SIGdX :S!GUX •V'J 
SIG.Y :5IGjy .W.Y 




DEN: SIGlJ.SIGhx2 - SIGWX'SIGWX 






SIC. 00 :S IC .03 ALPHA2 AIPH A2 
tREPEAT 
ALP4A2:SIGWDD/(NF-N1-1) 
ALP rA A:S 2R1( A LPMA2 •SIG V/DEN) 
ALPI4A6:SRT(ALPHA2*SIGWX2/DtN) 
TEND 
TROUTONE AVERAGE (ZINTEGERARRATNAME IN. SINTEGER NI,NF, XC 
SINTEGERNANE MEAN. TREALNAME DCV) 
SCONMENT 	71S PROGRAM COMPUTES THE MEAN AND STANDARD DEVIATION. 
ZINTEGER I 
141*). SOEV,SIN 







S DC V :SDE V .0E V DC V 
AREPEAT 
RIF SDEV:0 TIHEN -)1 
DCV:SORT(SOtV)/)NFNI1) 
IRE I UR N 
1101 V :0 
TEND 
TROUTINE DETCO (TINTEGERNAME COT.Cft19CO20 IRCALNAJIE OCVT.DEVT.0tV2. SC 
TINTEGCRARFAYNAME Cl 
ICOMMENI 	THIS ROUTINE DETERMINES THE VALUE OF THE STEADY 
SCOMMENT BACKGROUND. IN ADDITION TO THE VALUE FOR THE WHOLE 
SCOMMENT 	TRACE, COT. THE VALUES FOR THE FIRST A3 SECOND HALVES ARE 





TPRINTTEXT'COT : ';WRlTE(COT,l) 
APRINTIEXI' +0K- 'PK!NT(OCVT,l,l) SNEWLINE 
XPRINTTEXTCDI = ';WRITE(COl,l) 
IPRINTTEXT' .0K- 'PRINT(DEVI,l,l) SNEWLINE 
xPRINTTEXT'COZ = ';WRITC(CO291) 
TPRINTTEXT' .0K- • ; PRINT(OEV2,1,1)INEVLINE 
TEND 
TROUTINE OCT TINT (TINTEGER CHAN, TREALNAME TINT) 
SCOMMENT 	THIS ROUTINE DETERMINES THE VALUE OF THE TIME INTERVAL. 










hF 02:0 XTHEN ->1 
REzRE/1O 
S REP C AT 
1TINT:01.RE 
RC:TINT.1000 




TROUTINE PROC OAT (TINTEGERARRAYNAMC Co SINYCOER CHAN) 







hF CHANTO)IO ITHENSTART 
ICOMC1T 	THIS SECTION CALCULATES CO FROM ANY PRCTRIGGER CHANNELS. 
A VE* GE ( C, I.E WAN TO .COP, DC VP) 












8C0'MtT 	THIS SECTION CALCULATES THE CONCENTRATIONS BY SUBTRACTING 
ICO,ME1T THE BASE LINE FROM THE TRACE. THE CONCENTRATIONS ARE 
ICOMMENT 	CALCULATED FROM AN INITIAL CHANNEL SPECIFIED BY THE 
IC34[NT USER, TO A FINAL CHANNEL WHERE FIRST THE CONCENTRATION WOULD 
ICOIMENT 	BE NCGTIVE. 
FqOA DL (C.CHANPROCI) 
ICYCLE I:CHANPYOCI 9 1,1024 
CC:-2.C(I).COT 
hF COC(:O %TpIEN CHANPROCFII 
NIF CONC(:O ITPCEN -)1 
XE°CAT 
CHANPROCF:1024 
1:XIF CHANPROCF-CHANPROCI(3 RYHENSTART 
IPSINTIEXY 'ERROR' N(WLINE 
TPRL\TTCxT'CHAN'ROCI :'WRITE (CHANPROCI,1);NEWLZNE 
IPR 1NTTEKT'C,IANPROCF :'WRITE(CHANPROcF,l)INEVLINC 
0RITURN 
IF TN ISH 












IPRINTICIT' *OR- ';PRINT(OGRAD,l,l) NEWLINC. 
%PRINTTCX T' INT ER:' PR INT( INTER, 1,1) 
XPRINTTCXT' *OR- 'PRTNT(DINT(R,l,l)INEVLINC 
NE WL INC 
SEND 
IROUTINE FROM OLIZINTEGERARRAYNAME C. XINTEGCRNAME CHAMP 
ZCOMHCNT 	THIS ROUTINE OBTAINS THE NEXT TRACE FROM THE DISK 
ICOMMENT AND/OR THE NEXT INPUT FROM THE TELETYPE. 
TINTEGER I 




hF 1(0 ITHEN ZRETURN 
hF CNAN>700 ZTH(NRETURN 
RIADGOC I,C(1) ,C(1024)) 
ICYCLE 1:19191024 




IROUTINE CONTROL (RINTEGER CHAN) 
ICOMMENT 	THIS ROUTINE CONTAINS SEVERAL CONTROLLING FUNCTIONS. 
XINIEGERARRAY NULL(111024) 
XPRINTTEXT'IN CONTROL' 
NE VI INC 
hF CTIAN>1000 XTHENPRINTTEXT'ERROR. CMAN)1000' 
hF CHAN>:999 XTH(NSTOP 
ZIF CHAN: 990 lINEN READSQ(19NULL(1)9NULL(1024)) 
hF CHAN: 980 ITHEN ZSTART 





XREALFN SQRT(ZREAL XI 
hR ES ULT :EXP( 0 .5. LOG (U 
lEND 
IC ND OFPR OGR AM 
PROGII 	I. N S P P 0 0 
AEXTERN&LROt.jTIN( I N S PROGRAM 
XCC'E'T 	THIS PROGRAM CALCULATES LEAST MEAN 
Ot'T SQUARE FITS TO DATA PRESENTED IN A 
ZC)'TkT 	VARIETY OF FORMS. 
).R(ALSLONG 
SRE.tLAARAY 1(1:100) ,Y(IUOO),WT(1I100) 
A .B,DEVA.DEVB,X!NT 
SIdTEGCR !,J,X.L.N,NPRINT 
OLXTERNALROUTINESFEC LMSWT (XLONGR(ALARRAYNAME X,Y,W, IC 
SINTEGER NI,NF, SLONGREALNAME A999OEVA90CVB) 
1T(44ALRQL)TI'4SP(C NDS( ASIR INGNAME S) 




101:11f NPRINT:O XTIIEN )12 
hF .RINT1 XIHENPRINTTEXT' 
FULL INSTRUCTIONS FOR INPUT?' 
NE .1 INC 
103:PROMPT•YES OR NO?') 
RDS(S) 
ZIF SI'YCS' hAND Sl'P40' lIKEN ->103 
hF 5:'NO' ITHEN NPRINT:O 
I:N(.LIN(S(2) 
pRC'PT('NO OF POINTS:') 
RZ.1D(1) 
tIE Nq!MT:1 ZYNEN IPRINTTEXT' 
Tr,E NEXT DATA IS THE INTERVAL BETWEEN EACH I VALUE. 
IF THEY ARE NOT EQUALLY SPACED TYPE ' 9 0 90 .' 








—>i ZIP J:P4 
J:J• 1 
-'3 
S:SIF NPRINTc1 SYNCH ZPR!NTYCXT' 
THE NEXT INPUT IS THE ARRAY OF I VALUES.* 




tIIIF Ne*!NT:l lIKEN ZPR!NTTEXT' 






1021IF NPR!NT:l lINEN SPRINYTEIT' 
IF ALL POINTS ARE TO BE GIVEN EQUAL WEIGHT TYPE "0" 
IF WEIGHTS ARE TO BE READ IN AS DATA TYPE 94 1 0 ' 
IF WEIGHTING IS PROPORTIONAL TO V VALUES TYPE 002" 
IF WEIGHTING IS PROPORTIONAL TO V VALUES SQUARED TYPE 003" 
XIF NrRINT:1 XTHEN IPRINITEXI' 
IF WEIGHTING IS INVERSELY PROPORTIONAL TO ERRORS TYPE "A'' 
IF WEIGHTING IS INVERSELY PROPORTIONAL TO ERRORS SQUARED TYPE "5" 




hF 10 SIHEN ->8 
->SW(I) 
SW(1):XIF NPRINT:i lIKEN ZPRINTTEXT' 
THE NEXT INPUT IS THE ARRAY OF WEIGHTS' 













SW(q):XIF NPRINT:1 SYNCH SPRINYTEXY' 
THE NEXT INPUT IS THE ARRAY OF ERRORS' 
NEW LINE 
pR0MPT('DY: 9 ) 
ICYCLC I:1919N 
READ(A) 
SIF A:0 XTHtNSTART 
XPRINTTEXT'THE PROGRAM 






SW(5):XIF NPRINT:1 lYNCH SPRINYTEXY' 





lIE A:) ITHENSTART 










%IF 'uT)IO XTH(N WTUO*IFY(I) YELSE ZSTART 
ICIRINTTEXTIYCIIWRITE(Iol)IXPRINYTEXTO).aB : INPUT VEOGHT.' 
NEWt. INC 
PQOPT( 'WT:') 
RE AD ( .dT( I)) 
ZFIIS?I 







ZPRINTTEXT'GRAOIENT Z I 
pRIp,TFL(*94) 
APAINTYT' •04 
PR 	FL (DE VA,3) 
NEWLINE 
ZPN1T(kV'IP4TERCtPT S 
PR INT CL C B, RI 
PS1NTTC*T •OR- 
PA IT FL (DE Va .3) 
NE L IN!: 
AlT .P4INT:1 SYNCH SPRSNTTEXT' 
IT NO FURTHER DATA TYPE 0000 0 to STOP PROGRAM. 
IF Tri1E IS MORE DATA TYPE "1''. 
IF IT IS WIS'IED TO PROCESS THE SANE DATA 
lT!i DIFFERENT WEIGHTING TYPE '2' 9 .' 
NEULINE 
PROV?T(*SYOP CODE:*) .  
101: RE AD ( 1) 
SIT 1:0 ATHEN ASTOP 
hF 1:1 hYMEN -)100 





SAMP 	RUN Qfr IMSPROO 
I... a*I***•a**.* * * 
COMMAND: I N S PROGRAM 
FULL INSTRUCTIONS FOR INPUT? 
YES OR NO? YES  
NO OF P0INTS:5 
THE NEXT DATA IS THE INTERVAL BETWEEN EACH S VALUE. 
IF THEY ARE NOT EQUALLY SPACES TYPE .0 9 . 
XINT:0 
THE NEXT INPU-T IS THE ARRAY OF S VALUES. 
x:i 2 3 4 5 
THE NEXT INPUT IS THE ARRAY OF V VALUES 
YU2 3 A 
IF ALL POINTS ARE TO BE GIVEN EQUAL WEIGHT TYPE 0 0' 
IF WEIGHTS ARE TO BE READ IN AS DATA TYPE 0 1' 
IF WEIGHTING IS PROPORTIONAL TO Y VALUES TYPE 0 2 9 
IF WEIGHTING IS PROPORTIONAL TO Y VALUES SQUARED TYPE 0 3 0 
IF WEIGHTING IS INVERSELY PROPORTIONAL TO ERRORS TY'C 0 4' 
IF WEIGHTING IS INVERSELY PROPORTIONAL TO ERRORS SQUARED TYPE 0 5' 
IF WEIGHTING IS INVERSELY PROPORTIONAL TO Y VALUES TYPE 4 6' 
WEIGHTING CODC 
THE NEXT INPUT IS THE ARRAY OF WEIGHTS 
WTI1 1 1 1 0.1 
GRADIENT = 1.00870 0 'OR- 1.4380 -2 
INTERCEPT = -1.73918 -2 bR- 4.0480 -2 
IF NO FURTHER DATA TYPE O' TO STOP PROGRAM. 
IF THERE IS MORE DATA TYPE 0 1 0 . 
IF IT IS WISHED TO PROCESS THE SAME DATA 





STOPPED AT LINE 146 
PROGI2 	H 2 
.... ..............................,....a...*......***.*ta.***.*fl***a••a* 
tBEGIN 
ICOENT 	THIS PROGRAM COMPUTES THE ORTHO - PARA 
COMET RATIO FOR HYDROGEN PREPARED AT ONE 
ZCOMCdT 	t(MP(RAIURE AND THEN COMPUTES THE ROTATION STATE 
COMMENT DISTRIBUTION WHEN THE TEHERATURE IS CHANGED. 
tExTERdALROUTINtSPEC PROMPT(ZSTRING(151 S) 
INT(ER I,J,TE 
ZINTEGERARRAY P(O:IO) 







PcOMPT('T(Pp FOR (Dun.:') 
A1A(TE) 
ZCOMMLNT 	THIS SECTION COMPUTES THE ROTATION STATE 



















' A CE 
%PRI%'TTEXTIEOUIL DISTRIB AT' 







PRINT (N(J) .5,2) 
NEWLINE 
IREPEAT 
NE WL INC 
PRINT (NP, 3.5) 
ZPRINTTEXT' X PARA -H2' 
NEWLINE 
PRIUT(NO9391) 




ACOMMENT 	THIS SECTION COMPUTES THE ROTATION STATE 
ICOMMENT DISTRIBUTION OF H2 AT TF. THE 0-P RATIO 



















NE UL INC 
xrRItTTEXT'FINAL DISTRIB AT ' 
PR IN T ( IF, 3,0) 
SPRTNTIEST' DEGREES' 
NEWLINCS(2) 











tCOMMC'4T 	THIS PROGRAM CALCULATES ROTATION ENERGY 
%CC"M[%T LEVELSROTATION STATE POPULATIONS, AND ROTATION 
tC3IM1IT 	STATE ENERGY DIFFERENCES FOR SMALL CHANGES IN J. 
tCC".('iT IT IS VALID FOR MOLECULES WHOSE LEVELS CAN BE 
%CO4mE%T 	APPROXIMATED BY F(J) = J(J+1)B. 
X1PT(G(R I,J,p( 
ZR(L N,C,R8.T,K,A,MAXN,SCALE,D1FF 
(AL*qRAY Nco:200),F (O:00) 
STSI.G(63) S 
XCXTESNM.ROUTIN(SP(C RDS(%STRINGNAME S) 











2:F(J):J.(J.1) 1 5 
I(J) :(2.J.1)..2.(XP(ASF(J)) 
hF MAX4(N(J) ITHEN MAXNN(J) 
hF N(J)<(MAXNI20.) tOR J:200 tTHEN ->3 
J:J.1 
3 NE WLIN(S (2) 
2RIN1TtXT' 




.j 	F(J) 	11(0' 
NE .L INC 
SCALE :lO0/MAXN 
SCYCLE I:O,),J 
N(X) :I( I) 'SC ALE 
bRIT((I.3) 
PRI ,(T(F(I)9492) 
NE WL INC 





















hF (<0 bR K)J ITHEN -)SP 
DIFF:F(I)-F(K) 
PR IN T (01FF ,6, 1) 
->NSP 
SPSPACES(9) 
N sp : x REPE AT 
NEWLINE 
A RE r C AT 
NEWL I NES ( ) 	 ul 
AENDOFPROGRAM 
...*• 
PROGI4 	P 0 S 
XEXTERNALROUTZNE RDS(XSTRINGNAME S) 
ICOMMUNT 	THIS ROUTINE READS A STRING 
ACOMMENT NOT INCLUDED WITHIN QUOTES 
%STRING(255) Si 
1:R(Ao ITEM(S7) 
hF SO'' bAND S1' 
• ATHEN ARETURN 
hF Si:' 








CONVERSION FROM RATE CONSTANT TO CROSS SECTIONS 
The value obtained in kinetics experiments such as 
those reported here are second order rate constants. 
It has become fashionable for various reasons to talk in 
terms of cross sections. 	This is a recent concept which 
owes much of its popularity to the increasing amount of 
data obtained both by theoretical calculations and 
molecular beam techniques. 
By converting rate constants into cross sections, 
values are obtained which do not contain an influence 
from the greater frequency of collisions made with lighter 
reactants. 	These cross sections are thus preferable 
when comparing the quenching efficiencies of different 
molecules. 
Throughout this work the conversion from rate 
constant to cross section has been achieved as follows. 
The cross section for a collision of relative trans-





o(v) v f(v) dv 
	
(A. 3.1) 








(A. 3. 2) 
157 
where a is the velocity or "thermally" averaged cross 
section and v is the mean relative velocity given by 
= ( 8kT/Trp ) 	 (A.3.3) 
where p is the reduced mass of the colliding species. 
- 	 10 -1 If pis in a.m.u., then v = (6.21 x 10 /p) cm s 	at 
300 K. 	Thus the cross sections throughout this work are 
thermally averaged cross sections calculatedusing 
Cr 	= k/v 
Where this value is to be compared with a theoretical 
value it should be noted that if there are several 
possible channels involved then the experimentally derived 
cross section will be the summation of a number of 
individual channel cross sections (a.). 	If these cross 
3. 
sections do not involve alj possible collisions then the 
summation.niust include the fraction of collisions 
involved (f(i))., for example those with sufficient kinetic 
energy, or having a particular initial quantum state. 
The equation 
Cr 	= Cr 	f(i) 
	
(A. 3.4) 
is used to determine overall cross sections. 
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APPENDIX 4 
EXCITED IODINE QUENCEING DATA 
The table produced by Donovan and Gillespie 8 giving 
a critical compilation of available rate data for the 
quenching of 1* at room temperature is reproduced, below, 
together with recent values including those obtained in 
this work.. 	Certain values have not been redetermined 
since being obtained using flash spectroscopy. 	These 
may be too small by a factor of two and are marked on the 
table as (a). 	Typically for the other values, errors 
are ±10o. 	Also given in table A.1 are the thermally 
averaged quenching cross sections, a, obtained from the 
rate constants, k , as a 	k /v. 	The quenchers are 
q 	q q 




Rate constants and cross sections for the 




q 	-1 -1 cm molecule s 





<2 	X10- 18 
<1.6x1O 8 
2.4x10 17 
6. 5x10 17 
1. 3x1O 
1 • Ox io 
<2.2x10_ 16 
<3 . 5x 10_ 16 
4.6x10 16 
1 . 2x 10_ 15 









1. 5x10 14 
1. 6x1 0- 14 
3. 1x1O ' 
<4 	xlO 23 
<4 	x10 3 
< '5 	x10 2 
7.9x10 22 
1. 3x10 21 
3. 0x10 21 
7. 9x10 21 
<8 	x10' 
<1. 3x1 o_20 
1. 3x10 2° 
2. 3x10 2° 
3.Oxl 0- 20 





1.lx10 -19 (a) 98 
1.5x10 -19 114 
3.lxlO -19 112 
3.2x10 -19 112 
5 	xlO -19 5 








C 2 F 5  1 
CF 3 I 
CF  
Co 
N 2  0 
CD  
.1 -C 3FI 
CD2 =CD 2 
DCJ 
CF2 =CF 2 
CD3 I 
D 2  0 
HC  


















Table A.1 continued 
Quenching k/ 
3 - 1-1 
a 1cm 2 Reference 
species cm molecule S q 
CF 3H 2.2x10 14 6.OxlO 
19 this work 
H2 1 0 1x1O 3 6,2x10 19 this work 
CD 3H 4.7x10 
14 
7710 	
19 this work 
CDC1 3 3.9x10 4 1.2x10 8 this work 
D13r 4.9x10' 14 1.4x10 18 112 
Cl4 9.2x10 4 1.5x10 8 this work 
CF 2=CFH 5.3x10 4 1.5x10 8 (a) 98 
DI 5.0x10 4 1.6x10 18 112 
HI 5.2x10 14 1,7x10 8 112 
CH 3 .CH 3 1.0x10 3 2.0x10 8 19 
ICN 6.0x10 4 2.0x10 8 115 
ND 3.2x10 3 22x10 8 this work 
CHC1 3 8.4x10 4 2 0 6x10 8 this work 
(CH 3 ) 2C=C(CH 3 ) 2 6.3x10 3 S 3.0x10 8 (a) 98 
CH 2 =CH.CH 2C1 1.3x10 3 3 0 6x10 18 115 
HBr 1 0 3x10 3 3.7x10 8 112 
CH3 .CH2 .CH3 1.7x10 3 4.0x10 8 19 
CH 2 =CH 2 2.lxlO 13 4 	x10 18 19 
CH 3 .CH=CH.CH 3 2,2x10 3 5.4x10 8 (a) 98 
CH 3 .CH 2 1 1.9x10 13 6.4x10 8 116 
n-C 4H10 2.7x10 3 6.8x10 8 19 
i-C 3H 7 1 2.0x10 13 6.8x10 8 116 
n-C 3H7 1 2.0x10 3 6.8x10 18 116 




CH2 CH. CH2Br 
CH2=CH.CH3 
Cd 4 
H2=CH. CH 2 .CH3 




H 2  0 




q cm molecule s 
2 • 4x 	13 
3.4x1O 3 
1 • 8x 1 
3.6x10 3 
2 8x io 13 




4 • 2x 1 0 
1. 1x10 2 
1 .6x10 12 
2.6xio- 11 
3.6x10- I 








1 .0x10 7 
1. 1x1O 7 




1 .4x1 o_17 
2.7x10- 17 
3. 2x10 7 
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Electronically excited iodine atoms, 1(52p 1 / 2), have been monitored using time resolved atomic resonance fluo-
rescence. Rate data for quenching by C3H8 and CD 4 are presented. 
A number of important advances in the techniques 
employed for directly monitoring atoms and small 
free radicals have recently been reported [1-6], and 
concentrations in the range 10 9_10 1 particles/cm 3 
have been detected under conditions suitable for ki-
netic studies. The technique of time resolved atomic 
absorption spectroscopy has proved extremely power-
ful, particularly when signal averaging is used [2]. 
However, in principle, resonance fluorescence tech-
niques should allow even greater sensitivity to be 
achieved. Indeed, this technique has recently been em-
ployed to observe the vibration—rotation energy dis-
tribution of products in a molecular beam experiment 
[6]. 
While several studies of ground state atoms using 
time resolved resonance fluorescence, have been re-
ported [1,5], no report dealing with electronically ex-
cited atoms has yet appeared. We therefore here de-
scribe the first direct observation of electronically ex-
cited atoms using this technique. 
Electronically excited iodine atoms, 1(52p 1/2), 
have been studied by a number of techniques [7] in-
cluding; direct observation of weak spontaneous 
emission, time resolved mass spectrometry, stimulated 
emission, time resolved atomic absorption, and end 
product analysis. The kinetic behaviour of 1(52p 1/2) 
has thus been relatively well characterised and pro-
vides a convenient basis for the initial trial of a new 
technique. The experimental arrangement which we 
have employed is similar in principal to that described 
by Tellinghuisen et al. [5], who monitored ground 
state iodine atoms, 1(52p 3/2), using time resolved re-
sonance fluorescence. Tellinghuisen [5] claimed that 
his experimental arrangement was the "quintessence 
of simplicity"; we have further simplified the tech-
nique by using an inexpensive side window photomul-
tiplier (E.M.I. 978313) in place of the solar blind pho-
tomultiplier employed by Tellinghuisen. 
The fluorescence cell used in this work was con-
structed from pyrex and had three quartz windows 
situated mutually at right angles (fig. 1) and facing in-
to Wood's horns. The exterior of the cell was painted 
mat-black, as was the tube connecting it to the vac-
uum line. A simple flash lamp dissipating 20J was po-
sitioned about 5 cm away from one window, and 
light from the flash was approximately collimated by 
means of a single blackened tube, 0.5 cm in diameter. 
The atomic emission lamp was of conventional design 
and was powered by a microwave generator (E.M.S. 
Microtron 200). The atomic lamp was placed 7 cm 
from the cell, and again collimated with a simple 
blackened tube (0.5 cm diam.). The region in which 
the beam from the flash intersected the beam from 
the atomic lamp was viewed through the third window 
by the photomultiplier; the field of view of the pho-
tomnultiplier was restricted with another simple colli-
mating tube, to reduce the level of scattered light. 
The output of the photomultiplier was fed directly 
to a storage oscilloscope (Telequipnient Dm\164) and 
was. thus effectively terminated by a I M2, 200 pF 
load (time constant 140 psec): this integrates the 
pulses produced by the photomultiplier. 
504 
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Fig. 1. Cell used for monitoring time resolved atomic reso-
nance fluorescence following flash photolysis. A third Wood's 
horn projects backwards out of the plane and is not shown. 
The result of flashing 2.0 kN m 2 of CF 3I, known 
to give rise to I(5 2 P 1 12 ) is shown in fig. 2a. After an 
_initial disturbance due to scattered light from the 
flash, lasting 1.5--2.0 msec, a smooth exponential de-
cay is observed. No attempt was made to reduce the 
duration of the initial disturbance as the decay of 
1(52p 1/2)could be conveniently monitored at longer 
times. However, it should in principle be possible to 
reduce the disturbance to 100zsec by grating the 
photomultiplier [8}.When a quenciing gas is mixed 
with the CF 3 I, the decay of !(5 2 P12) is observed to 
increase (fig. 2b), and the first order rate coefficients 
derived from such traces are presented in fig. ik for 
quenching by C 3 H8 and CD4 . The second or 	rate 
constant derived from these data for C 3 H8 , k 
(1.6±0.4)X 10-13 cm 3  molecule - i sec, is 	x- 
cellent agreement wit' ,, the most recent literat 
value [9], and it is clear that the Beer-Lambe 
tionship must hold for the initial absorption t 
1(5 2 p 1/2)resulting in a linear relationship bet' 
the fluorescence intensity and [1(52p 1/2)]. It i 
esting to note that, of the initial light absorb 
206.2 nm transition, 5p46s(2P312) +- 5p 5 ( 2 P 1 
 ca. 1% is re-emitted at this wavelength [10] a 
per state is also optically connected to the io 
atom ground state and gives rise to fluorescei 
178.28 nm, 5p46s(2P312) - 5p5(2P312). 
The fluorescence at 178.28 nm is nct howe 
(b) 
Fig. 2. Oscilloscope trace of fluorescence signal showing the 
decay of 1(52p 1/2): (a) PCF31 = 2.00 kN m 2, base line shows 
flash in the absence of excited atoms. (b)PCF 3 I= 2.14 kN m2, C3H8 = 3.6 kN m 2, base line shows scattered light in 
the absence of the flash (vertical scale = SO mV/div., horizon-
tal scale = 1 msec/div.). 
served due to strong absorption by the atmosphere in 
this region. Furthermore, although the atomic lamp 
is known to emit several lines in the region 210-170 
rim, the 206.2 rim line was the most intense under the 
conditions used and was the only transition which 
could contribute significantly to the observed fluores-
cence signal. 
The rate constant for quenching of 1(52p 1/2)by 
CD4  was determined ask = (2.2 ± 0.4) X 10-15 cm 3 
molecule 1  sec -1 , from the data presented in fig. 3. 
This is 50 times less than the rate constant previously 
given [9] for CH4  and demonstrates, together with 
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Fig. 3. Plot of first order rate coefficients (k') against pressure 
of quenching gas. Both plots are presented to yield zero inter-
cepts, by removing the quenching contribution due to CF3I 
(•C3H8; 0 CD4). 
may be observed in the quenching of electronically 
excited atoms [9,11] and small molecules [12]. A de-
tailed discussion of such isotope effects will be given 
elsewhere [13]. 
We have also carried out some preliminary experi-
ments in which C2F5 1 replaced CF 3 I and find com-
parable results, in agreement with previous photo-
chemical laser studies [14].  
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EXPERIMENTAL 
The experimental arrangement for time resolved atomicabsorption spectrophotometryused 
in this work has been described in detail previously.' It consisted of a conventional flash 
photolysis unit coupled to a Huger and Watts E766 vacuum monochromator. The atomic 
'0 
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Fro. 1.—Analogue output from the transient recorder showing the change in light intensity (A 
206.2 nm) as a function of time. The first section of the trace (left) is a recording of the intensity 
before the flash was initiated (Pfn = 9.4 Nm-2 ; FC2F5 I = 0.38 Nm -2 ; .PHe = 1.9 kN rn -2). 
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FIG. 2.—First order plot of data from fig. 1, obtained using a Ferranti Freescan Digitiser; log, 
cone. loge  loge (loll); (P110 = 9.4 N rn 2 ; PC2 F1I = 0.38N rn-2 ; PHe = 1.9 kN rn-2). 
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emission lamp was powered by an E.M.I. TlOOl microwave generator and was constructed 
from a quartz tube (10 mm o.d.) into which a few crystals of iodine had been sublimed 
(under vacuum) before it was sealed. The growth and decay of I(5 2P) was monitored via 
the 206.2 nm resonance line, and changes in optical density were measured with an E.M.I. 
9526S photomultiplier tube placed behind a sodium salicylate screen. The output of the 
photomultiplier was amplified using-a current to voltage converter and fed to the input of a 
Datalab DL905 transient recorder. Signals were stored digitally (10 1 channels) and could 
be examined on an X- Yvisual display (Telequipment DM64 oscilloscope). Unfortunately at 
the present time we do not have facilities with which to process the digital data directly and 
Are thus obliged to retrieve it using an X- Yplotter (fig. 1). 
Traces so obtained were then analysed with the aid of a Ferranti Freescan Digitiser and 
standard computing techniques. Rate constants were obtained from a linear least squares 
fit to plots of In In (I II) against t (fig. 2). 
The purity of the reagents used is of particular importance in this type of work, and care 
was taken to establish the isotopic purity and to examine the samples used for possible 
contamination by impurities such as 02. Mass spectral analysis of the HD showed that 
the sample contained 1.2% H 2 , 0.8%D 2 and <0.2% 0 2 . 
However, the mass spectral analysis for water could not be relied upon as the inlet system 
contained significant quantities of adsorbed water. We have therefore analysed all the 
samples used in this work using a photoelectron spectrometer (Perkin Elmer PS16) which 
had a "dry" inlet system. This analysis, together with a calibration sample of 1 % H 20 
in H 2 , demonstrated that there was <0.15% H 2 0 in the sample of HD used. 
RESULTS AND DISCUSSION 
Second order plots for quenching of I(5 2P) by H2 and HD are shown in fig. 3. 
The data presented in fig. 3 were derived from decays similar to those shown in fig. 2 
but have been corrected for loss of I(5 2P+) by diffusion and first order quenching 
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Pie. 3.—Plots of first order rate coefficients (k' x 10 3 /s') against pressure (N m 2) of H2(0) and 
- HD(0). 
derived for quenching by H 2 , and corrected for the known departure from the Beer-
Lambert relationship,* was found to be k 112 = ( 1.1±0.1) x 10' cm 3 molecule-1 s 1 , 
which is in good agreement with the value given by Husain and Deakin 1 [(1.3± 
* We have determined the curve of growth for 1(5 2P4), using the 206.2 nm resonance line, over 
a concentration range of 30 and find it to be significantly curved. However, over the limited range 
of concentration used for the present exp.rimcnts the empirical relatiun3hip O.D. = (d)Y, where 
y = 0.70±0.03 provides an adequate basis for analysing the kinetic data. 
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D. 1) x 10-13  cm 3 molecule-1  s]. Similarly the second order rate constant for quench-
ing by HD was derived as k HD = (3.2±0.3) x 10 13  cm 3 molecule- ' s'. The only 
impurity which could have a significant effect on the value for k HD is 02 (<0.2 %); 
the maximum effect this level of 0 2 could have, would be to lower k,, 0 by 20 % of the 
value given above, however under the conditions used the concentration of I(5 2P+) 
-produced by the flash would be greater than the maximum concentration of 02 
present as impurity. Thus back transfer from 0 2 (a g) would reduce the effect of 
quenching by 02. In view of the fact that the 0 2 impurity can have only a marginal 
effect on k,10 , and that we are considering an upper limit for this impurity we prefer 
to leave the value for kIID as given above, without applying any correction. 
As we are here interested in isotope effects, we note that there are relatively large 
differences in the mean velocity (5) and hence the collision frequency for H 2 , D2 and 
UD, and thus it is more meaningful to convert the above rate .constant (k,, 0) into an 
average cross-section for quenching (o = k17). The cross-section for quenching of 
I(5 2P) by RD at 293 K is therefore = (2.1 ± 0.3) x 10_ 18  cm2 , which compared with 
the data from table I reveals that HD has a cross-section three times greater than H 
and 260 times greater than D 2 . 
- At first sight it is rather surprising that HD should have a larger cross-section than 
H2, as any considerations based 011 reduced mass effects would clearly place the value 
for RD between those for H 2 and D 2 . It has frequently been proposed in the past 
that resonant energy transfer processes of the type, electronic - vibration+ rotational 
energy (with a minimum of energy appearing as translation in the separating particles), 
might be important. The experimental evidence for these proposals has not however 
been particularly compelling. More recently it has been demonstrated'- that 
resonant energy transfer channels are extremely important for vibration - vibration 
transfer. Theories involving dipole 7dipole6  and higher multipolar couplings' have 
been put forward to explain these results, and have met with a reasonably high degree 
of success. These theories imply that energy transfer occurs at relatively long range 
and that "selection" or "propensity" rules governing the changes in rotational 
state, will be important. Furthermore, cross-sections are predicted to be almost 
independent of the energy to be converted to translation up to SET — 100 cm- ' (for 
thermal collisions at '-'300 K). For LET> 100 cm-1 cross-sections fall rapidly. 9 
The theory for dipole-dipole transfer of electronic energy was presented some years 
ago by Förster,'° however the emphasis was on closely resonant processes involving 
large organic molecules. Förster also demonstrated that quadrupole-quadrupole 
interactions could be substantial at relatively long range, and could therefore also be 
important in energy transfer. Unfortunately a detailed treatment involving the 
transfer of electronic - vibration+rotational energy, from atoms to small molecules, 
does Snot appear to have been given. In principle, transfer of this type may also 
occur by a multipolar coupling mechanism and we shall therefore discuss the present 
data in terms of processes of the type: - 
= i,J' = n) - I(52P312)+H2(v' =j,J' = m)+AE, 	(1) 
where 1ET is the energy which must be transferred to translation. We anticipate 
that the I(5 2P) removal rate will depend on three factors. 
E: in particular that rates will be greatly enhanced as AET 	0. Taking 
Sharma's theory 8  as a guide, the cross-sections should be greatest for channels with 
SE-,- <100 cm'. 
The average collision frequency, which depends on 15 (and hence Ti). 
The population of the relevant J states of H 2 etc. 
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Thus the rate of quenching will be given by 
-d[I(52P)] - 
	- 	" H °" - [ ( )]v z.. 2])". 
There are two further points. For a theory 8  of the type proposed by Sharma, in-
volving resonant energy transfer at long range, nuclear spin states will be unaffected, 
and thus for 1-12 and D 2 , AJ should be restricted to 0, ±2, ±4, etc. Furthermore if 
energy is transferred via multipoles, selection rules onJofi.J = 1, 2, 3, . . . for dipole, 
quadrupole.. . are implicit. 
TABLE 2.-CHANGES IN ENERGY (SE/cm') FOR H2(v = 0, J' =n)-4H2(v' = 2,J'= in): 
CHANGES FOR WHICH NUCLEAR SPIN IS CONSERVED ARE ITALICISED 
If' 
J'\ 	0 	1 	2 	3 
o 	8076.3 	8183.1 	8395.6 	8712.0 
1 7957.8 8064.6 8277.2 8593.5 
2 	7721.9 	7828.7 	8041.3 	8357.6 
3 7370.8 7477.6 7698.1 8006.4 
Data taken from ref. (12). 	 - 
Calculation of the vibration-rotation energy changes possible in H 2 , D2 and HD, 
to better than 0.1 cm' is a simple matter using the data of ref. (11) and (12). A 
selection of the results obtained are given in tables 2-4. The relative populations of 
TABLE 3.-CHANGES IN ENERGY (AE/cm- ) FOR HD(v' = 0, J = n)-HD(u' = 2, J' =. m) 
.1' 	 - 
0 	1 	2 	3 	4: 
0 	7087.0 	7168.6 	7331.2 	7573.3 	7894.1 
1 6997.8 7079.4 7242.0 7484.5 7805.2 
2 	6819.9 	6901.5 	7064.1 	7306.6 	7627.3 
3 6554.7 6636.3 6798.9 7041.4 7362.1 
Data taken from ref. (11). 
J levels in the ground vibrational state presents a nuclear spin problem for H 2 and D2 . 
It has been assumed here that the nuclear spin equilibrium was frozen in at 18°C in 
the temperature variation studies.3 • 
TABLE 4.-CHANGES 114 ENERGY (AE/cm - ' j FOR D2 (v' = 0,J' = n)-D:(v' = 2,J' = 
CHANGES FOR WHICH NUCLEAR SPIN IS CONSERVED ARE ITALICISED 
5 	6 	7 	8 	9 
0 	6811.7 	7136.5 	7511.9 	7936.4 	8408.2 
1 6751.9 7076.7 7452.1 7876.6 8348.4 
2 	6632.6 	6957.4 	7332.9 	7757.3 	8229.1 
3 6454.4 6779.2 7154.6 7579.1 8050.9 
4 	6217.9 	6542.8 	6918.2 	7342.7 	7814.5 
5 5924.4 6249.3 6624.7 7049.2 7521.0 • 	: 
Data taken from ref. (11). 	 • - 
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It can be seen from table 2 that the most nearly resonant processes (i.e. minimum 
AET) for H 2 in which the nuclear spill states are conserved, are: 
H2(v" = 0, J" = 2)[12%] - H 2(v'= 2,J' = 0)AET = 119 cm -1 	(2) 
and 
H2(vR = 	= 3)[9%] -+I-12 (v' = 2,J'= I)AET = + 126cm 1 .. 	(3) 
The figures in square brackets represent the population of the state at 300 K. 
For HD, there are no restrictions on nuclear spin state and thus a larger number oi 
channels are available (table 3). 
.HD(v" =0,J" = 0)[20%] - HD(v' = 2,J' = 3)AET +29 cm- 	(4) 
• 	HD(v" = 0,J" = l)[39%] HD(v' = 2,J'.= 3)AET = +119 cm (5) 
HD(v'7 = 0, J" = 2)[28 0/s] - HD(v' = 2, J' = 4AET = — 24 cm- 1 	(6) 
HD(v = 0, J' = 3)[l1%] —' HD(v' = 2,J' = 5)AET = — 156 cm -1 (7) 
Other channels are also available. However, the populations of the relevant JR states 
are less than 3 % of the total population and the energy discrepancies relatively large 
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• Pie. 4.—Fraction of H2 in a given rotational state [f(J)] as a function of temperature. 
It is clear therefore that for HD there are more available channels, and that the 
thergy discrepancies (AFT) are significantly smaller for two of the channels. Also, 
the J" states which contribute to the total cross-section account for '..98 % of HD 
molecules at 300 K. On the other hand for H 2 there are only two channels. The 
JM states involved (J" = 2 and 3) account for only 21 % of the levels populated at 
300 K and involve large AET . Thus we should expect HD to have a larger total 
cross-section than H 2 for quenching I(5 2Pk), if resonant transfer processes are 
important. 
These proposals also account quantitatively for the observed temperature depend-
ence of the rate for quenching by H 2 . At any given temperature we may write, 
.d[I(52P)] 
(under the conditions normally employed states with v#>.0 need not be considered). 
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However, if resonant energy transfer processes are dominant we need only consider 
channels (2) and (3) viz. 
	
—d[I(52P)] 
= [I(5P)](k 2 [H2
] 2
'±k3 [H 2]). 	 .! 
dt 
As the temperature of the gas mixture is changed, both 	and [H 2]- will vary. 
Considering first [H 2].., it is clear from fig. 4 that both [H 2] and [H 2 ] increase with 
Tover the range of interest (180-410 K). Furthermore, a plot of log 1of(J) against lIT 
(fig. 5) is essentially linear over this range. In fact, the variation of [11 2] and [H2] 
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FIG. 5.—Variation of log1of(J) for H 2 as a function of temperature. 	 -: 
Considering next the variation of ks .. with temperature, and assuming that the cross 
section varies slowly with 13 above threshold, then 
k-cci5cicT. 	. 	. 
Over the temperature range 180-410 K a plot of log Tagainst 1/Tis essentially linear 
and thus the T+ dependence of 13 will contribute +0.9 kJ mo1 1 to the apparent 
activation energy. For endothermic channels (e.g. channel 2) only those molecules 
with energy above a threshold value (1.4 kJ rno1 1 for channel 2) can contribute to 
relaxation. This will result in a further contribution to the " activation energy ". 
Thus the overall apparent activation energies for channels (2) and (3) are 
• channel 2; 0.9+1.4+2.6 = +4.9 kJ moI', 
channel 3; 6.3+0.9 	= ±7.2 kJ mo1 1 , • 	 • 	 - • 
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which compare with the experimentally determined activation energy of (7.2± 
0.8)kjmol-1 . 	 . 	 . 	. 
Turning next to quenching by D 2  it can be seen from table 4 that the only channels 
for which AET is <200 cm- ' and the population of the relevant J'7 state >1 %, and 
for which the nuclear spin state is conserved, are: 
D2(vN = 0,J = 1)[20 	- D2(v' =2,J' = 7)ET =+l5lcrn' 	- (8) 
D2(v" = 0, J" = 2)[38 %] D2 (v' = 2, J' = 	= - 154 cm (9) 
D 2 (v" = 0,J" = 5)[I.4%] - D2 (v' = 2,J' = 9)/\ET = ±182cm1. . 
Comparing these channels with those for H 2  and RD it is clear that larger changes in 
fare required and that the energy to be converted to translation is large for all channels. 
Channels involving LJ = ±2 would involve values for AE, of 10 cm'. The 
observed small cross-section for quenching by D 2  is thus consistent with our proposals. 
Furthermore, the populations of the J" = 1 and 2 states (which are expected to 
provide the dominant quenching channels if the cross-section is a sensitive function 
of LET) will decrease with increasing temperature over the range 180-410 K. This 
decrease is not however sufficient to account quantitatively for the observed negative 
experimental activation energy. Thus while channel 8 would lead to an overall 
apparent activation energy of —0.25 kJ, channel 9 would be expected to exhibit a 
small positive value (200-400 K). It may therefore be, particularly since large 
f-changes are involved and the energy transfers are not at close resonance, that the 
mechanism for relaxation of I(5 2Pf) by D2 is quite different from the H 2 mechanism 
(vide infra). 
From the above it is clear that the presently available data for quenching of I( 2P) 
by H2  and HD can be entirely accounted for in terms of resonant energy transfer 
processes. We would predict therefore that the measured cross-section for quenching 
of I(5 2P) by H2 applies to quenching by the (v = 0, J" = 2) and (v = 0, J" = 3) 
states. Allowing for a Boltzmann factor of 0.57 (i.e. the fraction of molecules with 
119 cm- ' of kinetic energy) for the channel involving the first of these states, and for 
the relative populations, the cross-sections of these two channels should be approxi-
mately equal and have a value of 5 x 10- ' cm2 at 300 K. Channels 4 and 6 will 
be the most important for HD. Of these, channel 6 is likely to dominate, since 
channel 4 requires a change of EJ = 3, and this involves an octupole moment. Thus 
the cross-section for channel 6 is < 7x 1018 cm 2 . Quenching by D 2 where large 
changes in J and/or relatively large energy discrepancies are involved, indicates that 
the largest single channel cross-section is 6 x l0_20 cm 2. However, this lower 
cross-section coupled with the experimental negative activation energy may imply 
that relaxation by D 2 proceeds via complex formation. 
These proposals may also be extended to a consideration of the data for T1(6 2P312). 
Quenching by H 2 should proceed mainly via the channel, 
Tl(6 2P3 j 2)+H2 (v = 0,J" = 2) -f Tl(6 2P)+H2 (v' = 2,J' = O)LtET = ±71 cm' 
(11) 
and the rate of quenching would thus be expected to increase with increasing tem-
perature (the population of J" = 2 will increase as well as 15) as observed.' The 
experimental activation energy may be subjected to an analysis similar to the l(5 2P) + 
H2 case. Data have been obtained at just two temperatures,' 573 and 300 K. The 
T+ contribution can therefore be obtained directly, as + 1.7 kJ mol' and the popula-
tion contribution, from f(2), as + 1.0 kJ mol giving a total apparent activation 
energy of 2.7 kJ mol. which is close to the experimental value (3.3 kJ mol-1), 
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considering the experimental uncertainties and the limited data available. The 
cross-section for this quenching channel (11) should thus be 2x10
17 cin 2 Quenching by D 2  may proceed by the channel 
Tl(6 2P312)+D2 (v" = 0,  J' = 2) - T1(6 2P)+D2 (v' = 2,J' = 	= +36 cm-1  
 
which is expected to give rise to a small cross-section in view of the large change in J. Again it may be that quenching of T1(6 2P312) by D 2  proceeds via channels other than 
that given above and which involve smaller changes in J and larger energy discrepan-cies. If the above channel is in fact dominant, then we should expect a decrease in 
the rate of quenching with increasing temperature (200-400 K). 
Finally, turning to quenching of Te(53P1 ). the most nearly resonant channel for quenching by 112 is 
Te(5 3P0) + H2(vu = 0, .J" = 1) - Te(5 3P2) + H, (v' = 1, J' = 3)A Er = — 6 cm'. 
 
The small energy discrepancy and single vibrational quantum transition in H, would 
account for the large overall cross-section observed 1 (table 1) and we suggest a value for the above single channel of o9 x 10- 1 c1112 . From fig. 5 we would predict an apparent experimental activation energy of 0.38 U mol -1  (over the temperature range 200-400 K). Quenching by D 2  involves large changes in J and also large energy discrepancies, the most nearly resonant channel being 
Te(5 3P0)+D2 (v = 0, J" = 2) -* Te(5 3P2)+D2 (v' = 1, J' = 8)A F = —130 cm - ' 
 
which would account for the low cross-section observed (table 1).' We would 
emphasise again however that quenching of Te(5'F, 
which 	 o) by D 2 , and other processes for ET or AJ are large, might proceed by a mechanism involving small impact 
parameters and not by the resonant processes discussed above. We should not 
therefore wish to press our argument too far under such conditions. 
Numerous further predictions based on the above proposals may be made, 
however further experiments designed to define more clearly the quantitative effects of iJ and zET  are desirable before this is done. We are currently engaged in such 
work and hope to be able to measure single channel cross-sections for H 2  by employing pure para-H2  at low temperatures. 
With more data, it may prove that our assumptioij ofvelocity-independent cross-
sections is too naïve and that a more detailed treatment should be attempted in terms 
of Sharma's theory. An interesting problem then arises in that the Clebsch-Gordon 
coefficient [cf. ref. 9(b) eqn (8)] vanishes unless the nuclear spin of the iodine atom 
changes during a collision. Yukov 13  has recently discussed theoretically the problem 
of nuclear spin relaxation for iodine atoms and has shown that large cross sections 
arise from quad rupole-quadrupole coupling, it therefore appears that further 
theoretical work in this direction would be profitable. 
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